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Biochimica et Biophysica Acta: 40 years on 





Professor H.G.K. Westenbrink 


Biochimica et Biophysica Acta, the first truly 
international journal in the field of biochemistry 
and biophysics, and now undoubtedly one of the 
largest, is celebrating its 40th anniversary with this 
issue. 

The journal was founded in 1947 by Professor 
H.G.K. Westenbrink, who remained Managing 
Editor of the journal until 1964. He was succeeded 
by Professor E.C. Slater, who was able to fulfil 
this function until his recent retirement as Chair- 
man of the Board of Managing Editors. Professor 


The photograph of E.C. Slater is reproduced by permission of 


Godfrey Argent, U.K.. photographers 


Professor E.C. Slater 


Slater was encouraged to write a history of BBA, 
recalling its remarkably rapid growth and some of 
the intricacies involved in the journal's birth and 
early development [1]. 

On the auspicious occasion of the journal's 
40th birthday, the Publisher would like to take the 
opportunity of thanking all those who have played 
an active role in the journal’s development, and 
looks forward to further stimulating developments 
over subsequent decades. 


[1] Biochimica et Biophysica Acta: The Story of a Bio hemicai 
Journal by E.C. Slater (1986) Elsevier Science Publishers 
ISBN 0-444-80769-1: Price Df175.00 
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A covalent complex between horse heart cytochrome c 
and yeast cytochrome c peroxidase: kinetic properties 


James E. Erman *, Kil Lyong Kim 2, Lidia B. Vitello *, Susan J. Moench ° 
and James D. Satterlee ° 


Departments of Chemistry, ° Northern Illinois Unwersity, DeKalb, IL and? Unwersity of New Mexico, 
Albuquerque, NM (U.S A.) 


(Received 23 June 1986) 
(Revised manuscript received 24 September 1986) 


Key words: Cytochrome c, Cytochrome c peroxidase; Enzyme-substrate complex: (Horse, Yeast) 


The kinetic properties of a 1: 1 covalent complex between horse-heart cytochrome c and yeast cytochrome c 
peroxidase (ferrocytochrome-c:hydrogen-peroxide oxidoreductase, EC 1.11.1.5) have been investigated by 
transient-state and steady-state kinetic techniques. Evidence for heterogeneity in the complex is presented. 
About 50% of the complex reacts with hydrogen peroxide with a rate 20-40% faster than that of native 
enzyme; 20% of the complex exists in a conformation which does not react with hydrogen peroxide but 
converts to the reactive form at airate of 20+5 s~'; 30% of the complex does not react with hydrogen 
peroxide to form the oxidized enzyme intermediate, cytochrome c peroxidase Compound I. Intramolecular 
electron transfer between covalently bound ferrocytochrome c and an oxidized site in cytochrome c 
peroxidase Compound I is too fast to measure, but a lower limit of 600 s7! can be estimated at 5°C in a 10 
mM potassium phosphate buffer at pH 7.5. Free ferrocytochrome c reduces cytochrome c peroxidase 
Compound I covalently bound to ferricytochrome c at a rate 10~* to 10~5-times slower than for free 
Compound I. The transient-state ferrocytochrome c reduction rates of Compound I covalently linked to 
ferricytochrome c are about 70-times too slow to account for the steady-state catalytic properties of the 1:1 
covalent complex. This indicates that hydrogen peroxide can interact with the 1:1 complex at sites other 
than the heme of cytochrome c' peroxidase, generating additional species capable of oxidizing free 
ferrocytochrome c. 


Introduction chrome c (C?*) by hydrogen peroxide according 
to Egn. 1: T 
Yeast cytochrome c peroxidase (ferrocyto- 
chrome-c:hydrogen-peroxide oxidoreductase, EC 2C°* + H303 Z 2C" +220 (1) 


1.11.1.5; CcP) catalyzes the oxidation of ferrocyto- oe ; 
Steady-state kinetic studies with both cytochrome 


c and non-physiological reductants indicate that 


ee initial velocity rate expressions contain second- 
Abbreviations; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbo- 


dumide, SDS, sodium dodecyl sulfate, CcP, cytochrome c 
peroxidase; C?*, ferrocytochrome c; C°*, ferricytochrome c 


Correspondence. Dr. J.E. Erman, Department of Chemustry, 
Northern Illinois University, DeKalb, IL 60115, U.S.A. 


order reductant concentration terms [1—4]. The 
steady-state kinetics have been interpreted based 
on one [2] and two [1] binding sites for cyto- 
chrome c, and no binding sites for the non-physio- 
logical reductants [3]. In order to explore the 
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question of interaction sites between cytochrome c 
peroxidase and cytochrome c we have synthesized 
the 1:1 covalent complex between horse-heart 
cytochrome c and cytochrome c peroxidase 
according to the procedure of Waldmeyer and 
Bosshard [5,6] using EDC. The results of a detailed 
investigation of the kinetic properties of this cova- 
lent complex are presented in this report. 


Experimental procedures 


Cytochrome c peroxidase was purified from 
commercial baker’s yeast (Red Star) and crystal- 
lized by modifications [7] of the procedure of 
Yonetani and co-workers [8,9]. The purity index 
(ratio of absorbance at 408 nm to that at 280 nm) 
was 1.2 or greater for all preparations used in this 
study. Cytochrome c (horse heart, type VI) was 
purchased from Sigma and used without further 
purification. Cytochrome c and cytochrome c per- 
oxidase were crosslinked by the method of 
Waldmeyer et al. [5,6] with minor modifications. 
A detailed description of the crosslinking reaction 
under a variety of conditions and an extensive 
characterization of the products of the reaction 
will be described elsewhere (Moench, S.J., Satter- 
lee, J.D. and Erman, J.E., unpublished data). The 
1:1 cytochrome c-cytochrome c peroxidase cova- 
lent complex was the major product under all 
conditions explored. Minor products included 
dimers and trimers of cytochrome c peroxidase, 
1:2 and 2:1 cytochrome c-cytochrome c per- 
oxidase complexes and other high-molecular- 
weight aggregates with molecular weights greater 
than 70000. The 1:1 covalent complex of cyto- 
chrome c and cytochrome c peroxidase was iso- 
lated from the reaction mixture using a combina: 
tion of gel-filtration and ion-exchange chromatog- 
raphy. The purity of the 1:1 covalent complex 
used in this study was estimated by SDS-poly- 
acrylamide gel electrophoresis and more than 98% 
of the sample migrated as a single band with a 
molecular weight of 46000. The SDS-polyacryla- 
mide gel electrophoresis experiments can clearly 
resolve the 1:1 covalent complex (46500) from 
cytochrome c peroxidase (34000) and the 2:1 
covalent complex (59000). Possible contaminants 
which might not be resolved would be cytochrome 
trimers (37500) or tetramers (50000). However, 


control experiments using EDC and cytochrome c 
alone showed very little cytochrome c dimer and 
no detectable amounts of larger cytochrome c 
polymers under our crosslinking conditions. In 
addition, the ultraviolet/visible spectrum was 
identical to the sum of the cytochrome c per- 
oxidase and cytochrome c spectra and integration 
of the heme methyl groups in the NMR spectrum 
gave a 1:1 stoichiometry, indicating there was no 
significant contamination by cytochrome c poly- 
mers. 

The chemical reactions of the 1:1 covalent 
complex were investigated at pH 7.5 in potassium 
phosphate buffers ranging in ionic strength be- 
tween 10 and 25 mM. The kinetic studies were 
carried out using either a Cary 219 UV/VIS spec- 
trophotometer or a Durrum-Gibson stopped-flow 
spectrophotometer, depending upon the rates of 
the various reactions. Both instruments were ther- 
mostatically controlled to within +1 deg C and 
the reactions were studied at temperatures be- 
tween 5 and 25°C. 


Results and Discussion 


Titration with hydrogen peroxide 

The ferricytochrome c-cytochrome c per- 
oxidase complex was titrated with hydrogen per- 
oxide along with the native enzyme. The results 
are shown in Fig. 1. Only 70 + 4% of cytochrome 
c peroxidase in the covalent complex reacts witk 
hydrogen peroxide to form the oxidized inter- 
mediate, Compound I. That portion of the cova- 
lently linked enzyme which does react with hydro- 
gen peroxide has essentially the same changes in 
absorptivity upon reaction with hydrogen per- 
oxide as the native enzyme, 42 mM~!-cm™~! and 
44 mM~!-cm~! at 424 nm, respectively. 

The titration of the 1:1 covalent complex be- 
tween cytochrome c and cytochrome c peroxidase 
with hydrogen peroxide indicates that this pre- 
paration is heterogeneous. Waldmeyer and Bos- 
shard [5] have shown that there is heterogeneity in 
the crosslinked product, with some of the com- 
plexes having one crosslink and some two. In 
addition to promoting amide bond formation be- 
tween carboxylate and amino groups, the EDC 
reaction has been shown to convert carboxylic 
acid groups to N-acylurea derivatives in the ab- 


Qo fb 
O O O 


AA/(CcP) mM-cm-1 
5 S 





03 06 09 12 15 
(H202)/(CcP) 
Fig. 1 Hydrogen peroxide titration of native cytochrome c 
peroxidase (©) and the 1:1 ferricytochrome c-cytochrome c 
peroxidase covalent complex (@) Compound I formation was 
observed at 424 nm Experimental conditions: pH 7.5, 10 mM 
potassium phosphate buffer, 25°C. 


sence of nucleophiles [10]. Using carbon-14- 
labelled glycine ethyl ester as a nucleophile, 
Waldmeyer et al. [7] have shown that about five 
residues of glycine were incorporated into cyto- 
chrome c peroxidase under conditions comparable 
to those used for preparation of the cytochrome 
c-cytochrome c peroxidase crosslinked product. 
This is a minimum estimate of the number of 
modified carboxyl groups, since N-acylurea de- 
rivatives can also be formed in the presence of 
glycine ethyl ester [7,10]. Trace labelling experi- 
ments indicate that essentially all of the carboxyl 
groups on cytochrome c peroxidase can poten- 
tially be modified, but that five groups have sig- 
nificantly higher reactivity in the native enzyme 
when compared to the denatured enzyme [11]. 
Heterogeneity in carboxyl group modification on 
both the crosslinked cytochrome c and cyto- 
chrome c peroxidase moities probably exists. 

The question of why 30% of the crosslinked 
product does not react with hydrogen peroxide is 
interesting. There is strong evidence [5,7,11] that 
the crosslinked cytochrome c occupies the binding 
site proposed by Poulos and Kraut [12] and this 
does not block the putative hydrogen peroxide 
access channel to the heme. Based upon the ultra- 
violet visible absorption and NMR spectroscopy, 
there is no evidence for gross conformational 
changes such as denaturation in the crosslinked 
product [5]. However, the NMR spectrum of the 
complex (Satterlee, J.D., unpublished observation) 
does reveal one significant difference. The reso- 
nance due to the methyl group at position 1 on the 
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heme in cytochrome c peroxidase is split in the, 
covalent complex, suggesting a localized environ- 
mental perturbation in the vicinity of this group. 
Modification of Asp-146 may be responsible for 
the perturbation of heme methyl 1, since this is 
the closest carboxylate group. Modification at 
other sites could also be responsible for the loss of 
reactivity toward hydrogen peroxide, including 
Asp-235, which hydrogen bonds to the proximal 
histidine (His-175) and is thought to be involved 
in determination of the redox potential of the 
heme [13,14]. Modification of Asp-235 would ap- 
pear to be less likely than Asp-146 under the mild 
crosslinking conditions used in these experiments, 
since Asp-235 is a buried residue involved in 
hydrogen bonding with His-175 and Trp-191 while 
Asp-146 is surface accessible. The reaction be- 
tween hydrogen peroxide and cytochrome c per- 
oxidase depends upon a pH-dependent conforma- 
tional change in solution [15,16]. It is possible that 
carboxyl group modification and crosslinking with 
cytochrome c can lock 30% of the enzyme in the 
unreactive conformation. Future experiments are 
planned for identification of the EDC-modified 
carboxyl groups and these should help in de- 
termining the reasons for the 30% loss of hydrogen 
peroxide reactivity. 


Rate of the hydrogen peroxide reaction 

Stopped-flow kinetic studies of the rate of the 
hydrogen peroxide reaction with the reactive 70% 
of the crosslinked cytochrome c peroxidase were 
carried out at 5°C. The rates were determined 
under pseudo-first order conditions using 0.3 uM 
enzyme and 3—9 uM hydrogen peroxide. The reac- 
tion between hydrogen peroxide and the ferricy- 
tochrome c-cytochrome c peroxidase complex is 
biphasic when monitored at 424 nm. The fast 
phase accounted for about 70-80% of the reac- 
tion, was dependent upon hydrogen peroxide con- 
centration and gave a bimolecular rate constant of 
(4.5 +0.6)-107 M~+-s7? (Table I). The slower 
phase was independent of the hydrogen peroxide 
and gave a rate constant of 23+ 4 s~}. Under the 
same experimental conditions the native enzyme 
reacts with hydrogen peroxide in a monophasic 
process with a bimolecular rate constant of (3.2 + 
0.4) -107 M7!-s7}, 

The simplest explanation for the kinetic behav- 
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TABLE I 


REACTION: RATE CONSTANTS FOR THE CYTOCHROME c-CYTOCHROME c PEROXIDASE COVALENT COMPLEX 
All reactions were determined ın 10 mM potassium phosphate buffer (pH 7.5) 


Reaction 

C3+-CcP + H20, > C?*-CeP-I 5 
(biphasic) 

C?*.CcP+H,0, > C?*-CeP-I 5 
(biphasic) 

C*t.CoP-I > C?t-CcP-II 5 
C3t-Cop-142C7* > C3*+-CeP4+2C7* 20 
(biphasic) 

C3+-CoP-I — C3*-CoP,, 20 
C3+.CcP + ascorbate > 

C**_CeP + dehydroascorbate 20 


ior of the covalently linked enzyme is that the 
enzyme can exist in two conformations, one of 
which reacts rapidly with hydrogen peroxide, and 
a second which is unreactive toward hydrogen 
peroxide but can be converted to the reactive form 
at a rate of 23 s~?. The titration and kinetic data 
provide evidence for three forms of the covalently 
linked enzyme. About 50% is in a form which 
reacts with hydrogen peroxide at a rate 40% faster 
than the native enzyme; 20% of the enzyme is in 
an unreactive conformation but converts to the 
reactive form at a rate of 23 s~!; 30% of the 
enzyme is in a nonreactive form and cannot be 
converted to a reactive species. 

Ascorbate can reduce the ferricytochrome c in 
the 1:1 covalent complex to the ferrous state (see 
below) and we have also investigated the reaction 
of hydrogen peroxide with the ferrocytochrome 
c-cytochrome c peroxidase complex. Two redox 
reactions are expected. Hydrogen peroxide will 
convert cytochrome c peroxidase to an oxidized 
intermediate, Compound I, which is two equiv- 
alents above the native ferric state. The covalently 
linked ferrocytochrome c should reduce Com- 
pound I to Compound II, a second enzyme inter- 
mediate oxidized one equivalent above the native 
ferric state. In this second reaction the covalently 
linked IOC EOI c will be oxidized to fer- 
ricytochrome ¢: By using appropriate wavelengths, 
the redox changes of the individual components 
can be deterthined. The oxidation of cytochrome c 
peroxidase to its oxidized intermediates was fol- 
lowed at 408 and 432 nm, isobestic points between 


Temperature (°C) Rate constant 


Rate 1:1 complex/free reactant 


(45+06):107M7'-s"! 1.4403 
23 +437} -= 
(3 7+0.5)-107 M7}-s7} 1.20.2 
17 +3s7! " 
>600 s`! ? 


(384+04)-107 M7} s7} 1 -1074 


(9.8+04)-10? M7s}! 2 -107° 
(3 640.4):1075 s7! 0.4 
3.8 +40.4 M7} s7} 0 029+ 0.006 


ferro- and ferricytochrome c. The oxidation of 
ferro- to ferricytochrome c was observed at 412 
nm, the isobestic point between the native enzyme 
and Compound I. The isobestic points were ex- 
perimentally determined on the stopped-flow in- 
strument used in this study and are within 2 nm of 
literature values [17,18]. 

Two reactions were observed at 432 nm for the 
reaction between hydrogen peroxide and cyto- 
chrome c peroxidase covalently bonded to ferro- 
cytochrome c. The fast phase, which accounted 
for about 80% of the reaction, was dependent 
upon the hydrogen peroxide concentration, Fig. 2, 
and gave a bimolecular rate constant of (3.7 + 0.5) 


400 


300 AÁ 


2 4 6 8 10 
(H202)uM 


Fig. 2 Pseudo-first-order rate constant for the oxidation of the 
ferrocytochrome c-cytochrome c peroxidase covalent complex 
as a function of hydrogen peroxide concentration. Formation 
of the oxidized cytochrome c peroxidase mtermediates were 
followed at 408 and 432 nm (@) and the oxidation of the 
covalently linked ferrocytochrome ¢ was followed at 412 nm 
(©) Experimental conditions: pH 7.5, 10 mM _ potasstum 
buffer, 5°C. 


-10’ M~?! - s7}. The slow phase was independent 
of hydrogen peroxide and had a rate constant of 
17 + 3 s71. At 408 nm, the total absorbance change 
for the reaction is much smaller than at 432 nm, 
and the slow phase was obscured by instrumental 
noise. The fast phase gave results comparable to 
those at 432 nm. Both the second-order and first- 
order rate constants, as well as the reaction ampli- 
tudes, are similar to those observed for the reac- 
tion between hydrogen peroxide and the ferricy- 
tochrome c-cytochrome c peroxidase covalent 
complex. The interpretation of these results is the 
same as described above. 

Those forms of the covalent complex which 
react with hydrogen peroxide react at a slightly 
faster rate than the native enzyme. Although the 
rate between the ferrocytochrome c-cytochrome c 
peroxidase complex and hydrogen peroxide is 
within experimental error of the rate for the reac- 
tion of hydrogen peroxide and the native enzyme 
when considering the day-to-day reproducibility 
of the data, the rate for the covalent complex is 
systematically faster when comparing data ob- 
tained on the same day using the same stock 
hydrogen peroxide solutions. ‘The small increase in 
the rate of the reaction between hydrogen per- 
oxide and the covalent complex does appear to be 
real. 

The rate increase is not due to: complex forma- 
tion per se, since there was about a 15% decrease 
in the rate of the hydrogen peroxide reaction in 
the noncovalent ferricytochrome c-cytochrome c 
peroxidase complex at pH 6.0 [25]. The increase is 
more likely an effect of the EDC modification of 
cytochrome c peroxidase. One general effect of 
EDC modification would be to decrease the net 
negative charge on cytochrome c peroxidase at 
pH 7.5. This could have an effect by stabilizing 
the transition state. Poulos and Kraut [26] have 
suggested that the rate-limiting event in the reac- 
tion between hydrogen peroxide and cytochrome c 
peroxidase is the heterolytic cleavage of the 
oxygen-oxygen bond of peroxide and that the 
transition state involves a negative charge on the 
oxygen which eventually dissociates as water in 
the reaction. A nearby positively charged arginine, 
Arg-48, is thought to stabilize this transition state, 
allowing the rapid reaction between cytochrome c 
peroxidase and hydrogen peroxide. EDC modifi- 
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cation could provide an additional stabilization of 
the transition state by decreasing the net negative 
charge on the protein or by neutralizing a nearby 
carboxylate such as Asp-146. An increase of 40% 
in the reaction rate would require less than a 200 
calorie decrease in the activation energy at 5°C. 


Internal electron transfer 

Oxidation of covalently bound ferrocytochrome 
c was monitored at 412 nm during the reaction of 
hydrogen peroxide with the ferrocytochrome c- 
cytochrome c peroxidase complex. A fast reaction, 
dependent upon the hydrogen peroxide concentra- 
tion, was observed and the pseudo-first-order rate 
constants are shown in Fig. 2. The total ab- 
sorbance change for the ferro/ferricytochrome c 
reaction is small at this wavelength. There is an 
indication that a slow reaction also occurs but its 
amplitude is so small that quantitative results 
could not be obtained. This slow phase is prob- 
ably related to the slow, hydrogen-peroxide-inde- 
pendent rate observed when monitoring changes 
in the peroxidase absorbance, 

Within experimental error, the rate of oxidation 
of the covalently bound ferrocytochrome c is 
identical with the rate of oxidation of cytochrome 
c peroxidase by hydrogen peroxide (Fig. 2). This 
indicates that the reaction between enzyme and 
hydrogen peroxide is rate-limiting and that the 
electron transfer between covalently bound ferro- 
cytochrome c and one of the oxidized sites in the 
enzyme is significantly faster. The simplest mecha- 
nism is explain the results is shown in Egn. 2. 


cte pa 
-CE 


C2+.CeP-13 C3+.CeP- I (2) 
If k, is much faster than k,[H,O,] then the 
intermediate can be considered to be in a steady 
state during the reaction and the observed rate 
constant for the oxidation of ferro- to ferricy- 
tochrome c is given by Eqn. 3, where k® is the 
observed rate at 412 nm. 


kik [H30] 
fobs = 12 22 
kı [H202] + kz @) 
In theory, the rate of the first reaction in Eqn. 2 
can be increased by increasing the hydrogen per- 
oxide concentration until k,[H,O,] is larger than 
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k,. In that case the conversion of the enzyme to 
Compound I would be observed prior to the 
oxidation of ferrocytochrome c. In practice, the 
mixing time of our stopped-flow apparatus (3.7 
ms) limits the maximum rate that can be observed. 
Hydrogen peroxide concentrations up to 30 uM 
were investigated, but at concentrations above 
about 12 pM the amplitude of the fast reaction 
was too small to measure accurately. At 30 pM 
hydrogen peroxide, the fast phase of the reaction 
could not be detected at any wavelength moni- 
tored. These data can be used to determine a 
minimum value for k,. At 8.95 uM hydrogen 
peroxide, the observed rate of ferrocytochrome c 
oxidation was 305+40 s+, which is identical, 
within experimental error, with the rate of the 
hydrogen peroxide—cytochrome c peroxidase reac- 
tion, the rate-limiting step. The value of k, must 
be significantly larger than 305 s71. A conserva- 
tive lower limit can be estimated from a considera- 
tion of the mixing time of the flow system and the 
sensitivity of the optical detection system. We 
would be able to detect the absorbance changes if 
the rate were slow enough to allow the last 10% of 
the reaction to be observed under our experimen- 
tal conditions. This gives a minimum estimate of 
600 s~} for k, and this value is included in Table 
I. In a recent report [19], Hazzard and Tollin, 
using laser flash photolysis of flavins to reduce 
ferricytochrome c in the presence of cytochrome c 
peroxidase Compound I, observed a one-electron 
intramolecular electron transfer between cy- 
tochrome c and the oxidized enzyme with a rate 
of 750 s`}. The reaction was observed at room 
temperature, pH 7, using potassium phosphate 
buffer with an ionic strength of 8 mM. 


Reduction of the ferricytochrome c-cytochrome c 
peroxidase compound I covalent complex by free 
ferrocytochrome c 

It was found that free ferrocytochrome c could 
reduce cytochrome c peroxidase Compound I co- 
valently linked to ferricytochrome c. The reaction 
was biphasic, with both phases dependent upon 
the free ferrocytochrome c concentration as shown 
in Fig. 3. The bimolecular rate constants derived 
from the data at 20°C are given in Table I. These 
bimolecular rate constants are 1074 to 107 °-times 
smaller than those for the reduction of free Com- 
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Fig. 3 Pseudo-first order rate constants for the reduction of 
the ferricytochrome c-cytochrome c peroxidase compound I 
covalent complex by free ferrocytochrome c The reaction was 
biphasic at 424 nm and the rate constants for the fast (@) and 
slow (©) component are shown Experimental conditions: pH 
7.5, 10 mM potassium phosphate, 20°C 


pound I, as estimated from the initial slope of the 
steady-state velocity as a function of ferrocyto- 
chrome c concentration, which is 0.5- 10? to1- 108 
M~! . s7! depending upon the empirical equation 
used to fit the steady-state data (see below). These 
data are consistent with the conclusion that the 
primary cytochrome c interaction site is blocked 
in the covalent complex but also provides evi- 
dence that there may be other sites of interaction 
between the enzyme and cytochrome c which can 
participate in electron transfer reactions, although 
at a significantly slower rate. There is no evidence 
of complex formation at these secondary sites, 
since the rate constants are strictly bimolecular up 
to 40 pM cytochrome c. However, these data 
provide minimum values for the cytochrome `c 
affinity and electron transfer rates at these sec- 
ondary sites, since it is likely that the carboxyl 
groups on the enzyme involved in any secondary 
site interaction could have been modified by the 
EDC reaction. l 

It is also possible that the slow reduction of 
Compound I covalently linked to ferricytochrome 
c by free ferrocytochrome c could occur via the 
primary interaction site. Evidence has been pre- 
sented that the crosslinking is heterogeneous and 
it is possible that the crosslinked cytochrome c 
could move in such a way that free ferrocyto- 
chrome c could interact with the primary binding 
site. If this occurred at a rate of 1074- to 107>- 
times the normal rate of interaction, it could pro- 
vide another explanation for the observed slow 


reduction rate of Compound I in the covalent 
complex. 

Since the reduction of covalently bound Com- 
pound I by free ferrocytochrome c is so slow, the 
rate of the endogeneous reduction of the oxidized 
sites in covalently bound Compound I (CcP-1) 
was determined to differentiate the endogeneous 
decay from reduction by ferrocytochrome c. The 
endogeneous reduction rate of covalently bound 
Compound I is 3.6-107° s7} (Table I) and is 
about 2.5-times more stable than free Compound I 
at 25°C [20]. 


Ascorbate reducibility of free and covalently bound 
ferricytochrome c 

The reduction rate of both free and covalently 
bound ferricytochrome c by ascorbate was de- 
termined. Ascorbate concentrations between 0.2 
and 2 mM were used and the bimolecular reduc- 
tion rate constant for the covalent complex is 
given in Table I. Under the conditions of these 
experiments, the ferricytochrome in the covalent 
complex is reduced 34-times more slowly than free 
cytochrome c by ascorbate. Waldmeyer and Bos- 
shard [5] report that, at pH 5, the rate of ascorbate 
reducibility of ferricytochrome c in the covalent 
complex is reduced by factors of 9 and 16 at 200 
and 10 mM ionic strength, respectively. 


Catalytic properties of the covalent complex 

Initial velocities for the steady-state oxidation 
of ferrocytochrome c by hydrogen peroxide as 
catalyzed by native cytochrome c peroxidase and 
by the 1:1 ferricytochrome c-cytochrome ec per- 
oxidase covalent complex were determined at con- 
stant hydrogen peroxide concentrations (200 uM) 
and varying ferrocytochrome c concentration (0.6 
to 104 uM). Eadie-Hofstee plots of the data are 
shown in Fig. 4 for catalysis by the native enzyme 
and Fig. 5 for catalysis by the covalent complex. 
The data for the native enzyme include four ex- 
periments performed over the period of 1 year 
using two different enzyme preparations and three 
different lots of cytochrome c. The average coeffi- 
cient of variation for the four data sets is 10%. The 
data from two experiments with the same sample 
of covalent complex are shown in Fig. 5 and have 
an average coefficient of variation of 14%. 

The Eadie-Hofstee plots are not linear, suggest- 
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Fig. 4. Eadie-Hofstee plots for the steady-state hydrogen per- 
oxide oxidation of ferrocytochrome c as catalyzed by cyto- 
chrome c peroxidase. Experimental conditions: pH 7.5, 42 
mM potassium phosphate buffer, 25°C, 200 uM hydrogen 
peroxide, ferrocytochrome c 0.6 to 104 pM. The solid line was 
calculated using Eqn 4 1n the text. 


ing that higher-order terms in cytochrome c are 
required to fit the data. The empirical equation 
shown in Egn. 4 was used for a weighted non-lin- 
ear least-squares regression analysis of the data. 


PIC? J+ PAC? 
1+ P(3)[C2* ]+ P(4)[C?* ]? 


Ug 
e 


(4) 


P(1)—P(4) are empirical parameters adjusted to 
minimize’the weighted sum of squared residuals. 
Since the coefficient of variation was essentially 
independent of the value of the velocity, weights 
proportional to the inverse of the square of the 
observed velocities were used. A three-parameter 
fit to the data could also be used by setting P(4) 
equal to zero in Eqn. 4. The results of the analysis 
are given in Table II. 

For the covalent complex, the three-parameter 
equation is sufficient to account for the data. 
Addition of a fourth parameter does not lead to 
an improvement in the fit. The weighted residuals 
correspond to an average coefficient of variation 
between calculated and experimental values of 
17%, which is similar to the value of 14% calcu- 
lated between experimental data sets. There is no 
apparent systematic variation in the residuals with 
either cytochrome c concentration or the velocity. 
The solid line in Fig. 5 was calculated from Egn. 4 
using the parameters shown in Table II. 


O.6F 


04 


vo/elic’l (ums) 


2 4 6 
Vo/e (s*) 
Fig. 5. Eadie-Hofstee plots for the steady-state hydrogen per- 
oxide oxidation of ferrocytochrome c as catalyzed by the 1-1 
ferricytochrome c-cytochrome c peroxidase covalent complex 
Experimental conditions are identical to those in Fig 4 The 
solid line was calculated according to Eqn. 4 in the text. 


Applications of the F-test [21] to discriminate 
between the three and four-parameter fit to the 
steady-state data of the native enzyme indicates 
that the four-parameter equation gives a statisti- 
cally better fit at the 99% confidence level. The 
weighted residuals for the four-parameter equa- 
tion correspond to an average coefficient of varia- 
tion of 10.5% compared to 11.5% for the three- 


TABLE II 


parameter equation. There were no apparent sys- 
tematic variations in the residuals for either the 
three-parameter or four-parameter equation. The 
solid line in Fig. 4 was calculated using the four- 
parameter equation and the parameter values given 
in Table IT. 

The steady-state mechanism for catalysis by the 
native enzyme has not been established. Non-lin- 
ear Eadie-Hofstee: plots were first observed by 
Margoliash and co-workers [1]. They suggested 
there were two catalytically active binding sites for 
cytochrome c on the enzyme and presented gel 
filtration studies indicating greater than 1:1 com- 
plex formation between cytochrome ¢ and cyto- 
chrome c peroxidase. Nicholls and Mochan [22] 
and Kang and Erman [2] have pointed out that 
random addition of the two substrates, hydrogen 
peroxide and ferrocytochrome c, can lead to non- 
linear Eadie-Hofstee plots. However, at saturating 
concentrations of hydrogen peroxide, such as used 
in this study, the Eadie-Hofstee plots should be- 
come linear. Yandell and Yonetani [3] have ob- 
served non-linear Eadie-Hofstee plots for oxida- 
tion of transition metal complexes. There is no 
evidence that the transition metal complexes bind 
to the enzyme and Yandell and Yonetani have 
proposed a mechanism involving only bimolecular 


STEADY-STATE PARAMETERS FOR THE CYTOCHROME c¢ PEROXIDASE AND THE CYTOCHROME c-CYTO- 
CHROME c PEROXIDASE COVALENT COMPLEX CATALYZED OXIDATION OF FERROCYTOCHROME c BY HY- 


DROGEN PEROXIDE 


All reactions were carried out at 25°C, pH 7.5, in 4.2 mM potassium phosphate buffer. The hydrogen peroxide concentration was 
constant at 200 4M and ferrocytochrome c varied between 06 and 104 uM The experimental data were analyzed by non-linear 


least-squares regression using the empirical equation: 


vw P(1)[C?* ]+ P(2)[C?* ?? 
€ 


1+ P(3)[c?* ]+ P(4)[C?* F 


P(4) was either set equal to zero or allowed to vary to generate a three-parameter or four-parameter equation. 


Catalyst P(1) P(2) 
(uwM~}-s7*) (uM~*-s~*) 

CcP 

3-param eqn 46.7 +130 0.116 + 0041 

4-param egn. 105 +100 83 +167 
C3*-CcP 

3-param. eqn 0635+ 0.075 0.00528+ 000208 

0.635+ 0.089 0.00528+ 0.0123 


4-param. eqn. 


P(3) P(4) x8? n 
(#M7') (aM?) 

0.220 + 0.019 = 11272 85 
3.14 +564 0 312 + 0.633 9406 85 
0.362 + 0.071 = 117 41 
0 36240114 <19°% 1.17 41 


electron transfer steps between the enzyme and 
the non-physiological reductants. At low re- 
ductant concentration there is a rate-limiting elec- 
tron transfer within the enzyme, but this step can 
be bypassed at high substrate concentration. Er- 
man and Vitello [7] have investigated the binding 
of ferricytochrome c and cytochrome c peroxidase 
using the perturbation of the absorption spectrum 
upon complex formation. They observed only 1:1 
complex formation. 

It was initially thought that investigating the 
catalytic properties of 1:1 covalent complex could 
provide information about the catalytic activity of 
a second site. However, the EDC method of for- 
ming the covalent complex is not a good method 
for investigating the properties of a second site 
because of the possibility of carboxyl group mod- 
ification to N-acylurea derivatives. We cannot 
eliminate the possibility that carboxyl groups on 
the peroxidase, which would most likely be in- 
volved in the binding of cytochrome c at the 
secondary site, are modified. Such modification 
would lead to reduced interaction at the secondary 
site. 

One very intriguing feature of the catalytic 
properties of the 1:1 covalent complex is that the 
rate of reduction of ferricytochrome c-cytochrome 
c peroxidase Compound I by free ferrocytochrome 
c (Table I) cannot explain the catalytic turnover 
rate. Assuming only the following reactions occur 


k 
C3+.CeP+H,0,3C?+-CeP I (5) 
k 
C3+.CoP- 1+ C2* 3 C3+-CoP-14+-C3+ (6) 
k 
C3+.CoP 1+C2+ 3C3+.CeP+C3+ (7) 


and that the two last steps are strictly bimolecular 
up to 100 uM ferrocytochrome c, the steady-state 
velocity is given by Eqn. 8. 


vo kikk, (H202)(C°* ) (8) 
e ky (kz + k3)(H202) + k2k3(C?*) 


This equation predicts a linear Eadie-Hofstee plot 
with cytochrome c the variable substrate. In ad- 
dition the value of v/e at 200 uM hydrogen 
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peroxide and 100 pM ferrocytochrome c calcu- 
lated from Eqn. 8 and the values for k,, k, and 
k, from Table I is 0.078 s~* whereas the observed 
value is 5.7 s~'. Clearly, during the steady-state 
turnover, a species capable of oxidizing ferrocyto- 
chrome c at a significantly faster rate than C?t- 
CcP-I or C?t-CcP-II is generated. This same 
phenomenon has been observed with the oxida- 
tion of ferrocyanide [23,24]. The steady-state 
oxidation of ferrocyanide is faster than predicted 
from the rate of ferrocyanide oxidation by cyto- 
chrome c peroxidase Compounds I and II as 
measured by single turnover kinetics. This sug- 
gests that under multiple turnover conditions, in 
the presence of excess hydrogen peroxide, hydro- 
gen peroxide can interact with the enzyme to 
generate intermediates other than Compound I, 
and that these intermediates, in turn, are capable 
of oxidizing ferrocytochrome c and nonphysio- 
logical substrates such as ferrocyanide. 

There is evidence that excess hydrogen per- 
oxide can react with CcP Compound I to form 
additional oxidized species. Small changes in the 
ultraviolet visible spectrum of cytochrome c per- 
oxidase Compound I develop with time in the 
presence of excess hydrogen peroxide [27]. The 
EPR spectrum of Compound I is altered in the 
presence of excess hydrogen peroxide. The sharp 
central signal observed at a g value of 2.004 at 77 
K increases in amplitude by a factor of 4 to 5 in 
the presence of a 2- to 4-fold molar excess of 
peroxide, although the integrated intensity only 
corresponds to about a 10% increase in spin con- 
centration (Yonetani, T. and Erman, J.E., unpub- 
lished observations). The broad ‘wings’ on the 
EPR signal observed at 77 K, which accounts for 
most of the spin concentration in the Compound I 
EPR spectrum [28], does not change in the pres- 
ence of excess peroxide (Yonetani, T. and Erman, 
J.E., unpublished observations). This ‘excess’ 


_ free-radical signal complicates the search for the 


free-radical site in Compound I and it is becoming 
more evident that there may be multiple sites in 
CcP capable of undergoing one-electron oxidation 
to free-radical states [28]. 

We can speculate on the nature of ‘excess’ free 
radical. At pH 4.5, one of the major products of 
Compound I decay is a cytochrome c peroxidase 
dimer formed through a dityrosine crosslink [29]. 
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Dityrosine can be formed via radical-radical con- 
densation reactions and we suggest that the ‘ex- 
cess’ free radical may be due to tyrosine oxidation. 
The ‘excess’ radicals, whatever their identity, are 
probably responsible for the observed catalysis of 
the ferricytochrome c-cytochrome c peroxidase 
covalent complex under steady-state conditions. A 
10% ‘excess’ free-radical concentration would be 
sufficient to account for the observed catalytic 
rate of the cytochrome c-cytochrome c peroxidase 
covalent complex if the ‘excess’ radicals had in- 
trinsic reactivities of about 20% that of Compound 
I toward ferrocytochrome c. 

Finally, we can also conclude that the electron 
transfer rate between ferrocytochrome c and 
Compound J is not rate-limiting in the steady-state 
catalysis by the native enzyme. The maximum 
turnover rate for the enzyme is 266 s~! (Fig. 4), 
while the electron transfer rate between ferrocyto- 
chrome c and Compound I in the covalent com- 
plex is too fast to measure but has a lower limit of 
600 s~: (Table I). Possible rate-limiting steps in 
the steady-state catalytic process could be product 
dissociation, electron transfer between ferrocyto- 
chrome c and Compound II, or an internal elec- 
tron transfer step between the radical and Fe(IV) 
sites as suggested by Yandell and Yonetani [3]. 
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The structure of the lectin discoidin I has been studied by circular dichroism and fluorescence spectroscopy. 
A positive ellipticity band at 224 nm is detected in the CD spectrum of discoidin I. The fluorescence spectra 
show a defined:shoulder at 325 nm that through acrylamide quenching has been associated with a displaced 
tryptophan residue partly buried in ‘the discoidin I- molecule. This tryptophan could also be responsible for 
the 224 nm positive band of the CD spectrum. These spectroscopic characteristics of discoidin I indicate the 
existence of structural homologies with fibronectin, where the optical activity of aromatic chromophores has 
been associated with the positive ellipticity band at 227 nm. The CD adjust parameters and theoretical 
secondary structure predictions show that discoidin I is a molecule with a low content of a-helix and 
B-strand and high content of 8-turn structures, similar to other lectins. 


Introduction 


The cellular slime mold Dictyostelium dis- 
coideum synthesizes two f-galactosidase-binding 
lectins, discoidin I and II, as it differentiates from 
vegetative cells to multicellular aggregates [1]. Dis- 
coidin I is an N-acetylgalactosamine-binding lectin 
whose native state has been described as a tetra- 
mer [2]. A number of reports have shown indirect 
evidence for the involvement of discoidin I in the 
aggregation process of this organism [3-5]. Our 
previous work strongly supports a direct role for 
discoidin I in intercellular adhesion and morpho- 
genesis, as univalent anti-discoidin I blocks these 
processes [6]. 


Correspondence’ Dr. A Cano, Departamento de Bioquimica e 
Instituto de Investigaciones Biomédicas del CSIC, Facultad de 
Medicina, U.A.M, Arzobispo Morcillo, 4, 28029 Madrid, 
Spain 


Discoidin I has also been involved in cell-sub- 
stratum attachment and ordered cell migration by 
a mechanism related to that found in fibronectin- 
mediated cell adhesion in higher organisms [7]. A 
67 kDa glycoprotein has recently been reported as 
a putative receptor for the cell-binding site of 
discoidin I: [8]. Whereas the nature of the carbo- 
hydrate-containing receptors is unclear [5,9], both 
the cell-binding activity and carbohydrate-binding 
functions of discoidin I appear to be distinct [7]. 


“These recent data suggest that discoidin I might 
be organized in a multifunctional structure with 


different binding activities (cell-surface, sugars) 
located on discrete domains, as has been previ- 
ously established for fibronectin [10]. 

A recent report [11] has shown that the chick 
embryo 14 kDa lectin presents several amino-acid 
regions homologous to those in discoidin I, includ- 
ing the supposed cell-binding sequence. These 
similarities suggest that lectins can possess bio- 
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logical functions similar to those related to cellular 
interactions in higher organisms. 

In order to investigate the structural organi- 
zation of discoidin I and its possible relationship 
with that of fibronectin we have undertaken a 
series of spectroscopic studies, circular dichroism 
(CD) and fluorescence, on this lectin. Both tech- 
niques are very useful for evaluating the secondary 
and tertiary structure of proteins and have been 
extensively applied to fibronectin in the past years 
[12,13]. 

In this report we present evidence of structural 
homologies between discoidin I and fibronectin. 
In analogy with fibronectin [12,13], the discoidin I 
CD spectrum shows very low ellipticity values and 
exhibits a positive band around 224 nm. A similar 
positive band at 227 nm has been detected in the 
fibronectin CD spectrum and has been associated 
with the optical activity of tyrosine side-chains 
located in a specific environment [14]. The fluores- 
cence studies on discoidin I presented here indi- 
cate the existence of at least one tryptophan re- 
sidue partly buried in the discoidin I molecule 
which could be responsible for the positive el- 
lipticity band detected in the CD spectrum. These 
results are discussed in the light of the secondary 
structure prediction data and of the possible im- 
plications for the biological role of this lectin. 


Materials and Methods 


Discoidin I purification 

Discoidin I was purified from Dictyostelium 
discoideum, axenic strain AX-2, developed over a 
period of 9 h in shaken suspension, by affinity 
chromatography on Sepharose 6B as described [6]. 
The purity of the discoidin I preparation was 
assessed by sodium dodecyl sulphate (SDS) poly- 
acrylamide gel electrophoresis [15]. For all spec- 
troscopic studies, discoidin I was used in a buffer 
comprising 0.01 M Tris/0.075 M NaCl (pH 7.3) 
(Tris-Na buffer). 


Circular dichroism spectroscopy 

Circular dichroism (CD) spectra were recorded 
on a Marck III dicrograph (Jobin-Yvon). For 
spectra in the far ultraviolet region (200-250 nm), 
0.05 cm optical path cells were used. The sensitiv- 
ity of the instrument was set at 2-1076 AA. 


mm?. Samples were prepared at a concentration 
of 0.3 mg/ml in Tris-Na buffer. When indicated, 
sugars or SDS were added using solutions 
10—200-times more concentrated than the final 
desired concentration. Results are expressed as 
molar ellipticities in deg - cm? - (dmol of residue)~?. 
The samples exhibit no turbidity, as hown by their 
negligible absorbance at 350 and 310 nm. The 
spectra represented in Fig. 1 are the average of 
more than four independent measurements ob- 
tained with different discoidin I samples over a 
wide range of time. Standard deviations were less 
than 150 molar ellipticity for 224 nm. 


Fluorescence measurements 

Fluorescence spectra were taken in a Perkin- 
Elmer NPF-44E spectrophotometer. Fluorescence 
was measured at right angles. The entrance slit of 
the excitation monochromator was 2.0 nm and the 
exit slit was adjusted to 1.0 nm. The analog elec- 
trical outputs were processed in a microcomputer. 
For the emission spectra the voltage of the photo- 
multiplier was adjusted to 700 V and the sensitiv- 
ity of the photometer to 10 or 30 nm, depending 
of the fluorescence of the sample. The scan speed 
was set at 60 mm/min. Two excitation wave- 
length were used: 275 and 295 nm. Discoidin I 
samples were prepared in a concentration range 
1/10 of those used for CD spectra. When indi- 
cated, acrylamide was added to discoidin I pre- 
parations from concentrated solutions of the final 
one (100--200 times). The basal line was obtained 
at different acrylamide concentrations and sub- 
tracted from the experimental spectra. The spectra 
were also corrected for the acrylamide absorbance, 
which has a molar extinction coefficient of 0.23 
M~!-cm7? at 295 nm [16]. 


Other analytical procedures 

Analytical centrifugation of discoidin I samples 
(1 mg/ml) in the presence or absence of 0.5 M 
galactose in Tris-Na buffer was carried out in a 
Beckman Analytical Ultracentrifuge model E at 
60000 rpm at 20°C. The migration of the protein 
was followed by Schlieren optics. 

Protein concentration of discoidin I samples 
was determined by the procedure of Bradford [17] 
using bovine serum albumin as standard and from 
amino-acid analysis when fine adjustment were 


needed. The amino-acid analyses were performed 
in a Durrum D-500 amino-acid analyzer. Hydroly- 
sis of protein was carried out at 150°C in con- 
stant-boiling HCl containing 0.1% phenol in 
evacuated sealed tubes for 24 h. 


Results 


Analytical centrifugation 

Analytical sedimentation analysis of our dis- 
coidin I preparation was a prerequisite for the 
spectroscopic studies because it has been previ- 
ously reported that this protein (from NC-4 strain) 
has a non-quantitatively determined tendency to 
aggregate in the absence of sugars [2]. Discoidin I 
was purified from the AX-2 strain: and equivalent 
aliquots were subjected to analytical centrifugtion 
in the presence or absence of 0.5;M galactose as 
described in Materials and Methods. Under both 
conditions a single symmetrical boundary was ob- 
served with sedimentation coefficients of 4.2 and 
4.9 S in the presence and absence of galactose, 
respectively. Both coefficients are in agreement 
with the native structure of a tetramer of about 30 
kDa monomers previously described [2]. The lower 
sedimentation coefficient found in the presence of 
sugar can not be explained by changes in the 
aggregation state of discoidin I and probably re- 
flects the higher viscosity of the 0.5 M galactose 
buffer. Moreover, we have analysed our discoidin 
I preparations by native gel electrophoresis and 
we do not find any qualitative difference in tetra- 
mer structure in the absence or presence of vari- 
ous sugar concentrations (results not shown), 


Circular dichroism studies 

The CD spectrum of discoidin I in the wave- 
length range normally used for studies on 
peptide-chain conformation (210-240 nm) is 
shown in Fig. 1. The spectrum shows two minima 
at around 215 and 237 nm and a maximum at 
around 224 nm and is of very low intensity in 
comparison with CD spectra of typical globular 
proteins. The discoidin I CD spectrum closely 
resembles that previously described for fibronectin 
[12-14]. In particular, the existence of the positive 
band at 224 nm im discoidin I is, reminiscent of 
that found in fibronectin at 227 nm. Similar CD 
spectra have been observed with different dis- 
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Fig. 1. Circular dichroism spectra (far ultraviolet) of discoidin 
I, alone ( ) and in the presence of increasing SDS 
concentrations ( ) Actual concentrations of protein were 
estimated by amuno-acid analysis, as descmbed in Matenals 
and Methods The final SDS concentration reached in each 
sample is shown next to its spectrum. Inset. Variation of the 
ellipticity, 8, monitored at 224 nm with increasing SDS con- 
centration 








coidin I preparations and in the presence of differ- 
ent sugars (galactose, N-acetylgalactosamine, N- 
acetylglucosamine). 

The weak ellipticity of the peptide group de- 
tected in discoidin I spectra suggest that there can 
be few groups in organized a-helical or £-struc- 
tures. In order to evaluate the presence of other 
kinds of interaction as well as the conformational 
dynamics of the putative structured regions we 
have investigated the effect of SDS on discoidin I 
spectrum. This anionic detergent is able to induce 
conformational alterations in many proteins by 
changing their a-helix and f-structure content at 
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the expense of the tertiary structure [18,19]. The 
main action of SDS seems to be mediated through 
a screening effect on positively charged regions 
eliminating repulsive forces which would prevent 
ordered a- and f-structure folding [20]. 

As can be seen in Fig. 1, addition of 0.25 mM 
SDS to discoidin I leads to the disappearance of 
the 224 nm positive ellipticity band on the CD 
spectrum and increasing SDS concentrations pro- 
gressively decrease the polarization of the protein, 
giving rise subsequently to higher negative elliptic- 
ity values between 240 and 210 nm. The change in 
224 nm ellipticity is dependent on SDS concentra- 
tion, with a half-maximum change at about 0.4 
mM SDS (see inset in Fig. 1). 

The fit of 240 and 215 nm data of discoidin I 
CD spectra to the parameters of Chang et al. [21] 
for the a-helix, @-structure and random coils is 
very poor (r.m.s., 29.9), as has also been found for 
fibronectin [22]. Within these limitations it can 
clearly be observed that increasing concentrations 
of SDS progressively induce a-helix conformation 
with concomitant disappearance of -turn struc- 
tures and random coils (Table I). This result indi- 
cates that there are no impediments to the forma- 
tion of secondary structures imposed by the 
amino-acid sequence of the polypeptide chain. 


Fluorescence studies 
It has been reported that a positive ellipticity 
band observed between 225 and 230 nm for a 
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TABLE I 


CHANGES IN SECONDARY STRUCTURE INDUCED BY 
SDS 


CD adjustment parameters from Chang et al [21] 


[SDS] a-helix -strand -turn Random 
(mM) 

0 122 12.7 401 33 0 
0.25 185 12.1 38 04 31.4 
0.70 195 11.3 340 35.2 
3.65 392 87 305 216 

Sec str. pred.” 115 257 32.8 30.0 


* Secondary structure prediction following Chou and Fasman 
[26,27]. 


number of proteins may arise from the optical 
activity of aromatic chromophores [23]. The whole 
CD spectrum of discoidin I resembles more closely 
that of tryptophan residues (positive band be- 
tween 215 and 240 nm) than that of tyrosine 
residues (positive ellipticities between 200 and 240 
nm). 

In order to evaluate the contribution of aromatic 
chromophores to discoidin I structure, we have 
studied the fluorescence properties of the protein. 
Fig. 2A shows the fluorescence emission spectra of 
discoidin I at 275 and 295 nm excitation wave- 
lengths. Both spectra present a maximum at 
around 340 nm and a shoulder at 325 nm. The 295 
nm spectrum corresponds mainly to a tryptophan 
spectrum and the 325 nm shoulder is better defined 


Fig 2 Intrinsic fluorescence spectra of dis- 
coidin I. In panel A the emission spectra 
obtained by excitation at 275 (— — -—) and 
295 nm ( ) are represented; the 
shoulder around 325 nm is shown with arrows. 
In panel B the excitation spectra, obtained by 
emission monitored at 340 ( ) and 300 
nm (— — —) are represented; the positions 
of the maxima are shown with arrows. 
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than in the 275 nm spectrum. The excitation spec- 
tra of discoidin I obtained by monitoring the 
fluorescence emission at 300 and 340 nm are 
shown in Fig. 2B. For the 340 nm emission the 
excitation maximum is found around 285 nm, as 
could be expected for the high tryptophan content 
of discoidin I (5 residues per monomer). For the 
300 nm emission the excitation maximum is dis- 
placed towards 278 nm, indicating a significant 
contribution from the tyrosine residues (11 per 
monomer). 

The 325 nm emission shoulder, observed at 295 
nm excitation wavelength, can be due to the emis- 
sion of internal tryptophan residues in discoidin I 
molecule, as has been suggested to account for 
such displaced fluorescence in other proteins [24]. 
In order to test this possibility we investigated the 
exposure of different fluorophores on discoidin I, 
monitoring the quenching efficiency of acrylamide 
on the fluorescence emissions of the molecule. 
Acrylamide has been reported to be very sensitive 
to the degree of exposure of tryptophan residues 
in proteins [16]. 

Fig. 3 shows the fluorescence emissions of dis- 
coidin I at 340 and 325 nm in the presence of 
acrylamide as a Stern-Volmer plot (J,/J,). As can 
be seen, a rapid quenching of both fluorescence 
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1440/135 (4) 


Fig 3 Stern-Volmer plot (/,/J,) of the 
acrylamide quenching of discoidin I fluores- 
cence emission for 340 nm (@) and 325 nm 
(O) (295 nm excitation wavelength) The ratio 
T349 /T325 is also represented (a) 


0.8 


emissions is observed at low concentrations of 
acrylamide, followed by a much slower but pro- 
gressive decrease with increasing acrylamide con- 
centrations (without reaching saturation). The 
higher quenching constant component of the plot 
is associated with the more exposed tryptophan 
residues on the molecule being easily accessible to 
acrylamide, whereas the second component can be 
associated with the more internal tryptophans less 
accessible to acrylamide quenching [16]. As can be 
deduced from the 340/325 nm emission ratio 
(shown also in Fig. 3), the 340 nm emission de- 
creases much faster and in higher proportion in 
the presence of acrylamide than does the 325 nm 
emission. A 3-fold reduction in the 340 nm emis- 
sion and a 2-fold reduction in the 325 nm emis- 
sion is reached at 0.8 M acrylamide. 

These results support the hypothesis that the 
325 nm emission shoulder is associated to at least 
one tryptophan residue located in an average 
environment less polar than the others and there- 
fore partly buried in the discoidin I molecule. 


Secondary structure prediction 

We have made a theoretical secondary structure 
prediction for the discoidin I monomer, according 
to the amino-acid sequence decuced from dis- 
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coidin I cloned genes [25], by the method of Chou 
and Fasman [26,27]. A schematic representation 
of the secondary stucture model obtained 1s shown 
in Fig. 4. The values for secondary structure con- 
tent of discoidin I obtained by this method are: 
11.5% a-helix, 25.7% f-structure, 32.8% B-turns 
and 30% random coils (Table I). The data for 
B-strand differ by a factor of 2 from those ob- 
tained by CD adjust parameters (12.7%). We have 
already mentioned the poor fit of discoidin I CD 
data to the theoretical parameters established for 
secondary structures (see above). These dif- 
ferences suggest that, like fibronectin, discoidin I 
is a protein with low f-structure content in its 
native configuration. The model presented in Fig. 
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Fig 4 Secondary structure prediction of the discoidin I mono- 
mer The results obtained with the Chou and Fasman method 
[26,27] are represented (/avea a-helix, NNN £-strand, LAA 
B-turn).mm , Hydrophobicity prediction, obtained with the 
Kyte and Doohttle parameters [28] The positions of the 
charged aminoacids (+,--), and that of the fluorophores (Y, 
tyrosine and W, tryptophan) are represented The localization 
of the sequence (Gly-Arg-Gly-Asp) homologous to the 
fibronectin cell-attachment sequence ıs also given (€—>) 


4 also predicts the hydrophobicity [28] of the 
discoidin I monomer. As can be observed, the 
cell-binding sequence (Gly-Arg-Gly-Asp) previ- 
ously reported to be in a f-turn [7], is located in a 
clearly exposed region of the molecule. From a 
comparative analysis of the a-helix potentials of 
the sequence, five positively charged regions have 
been detected, mainly located in the C-terminal 
region, which could be candidates for the adop- 
tion of a-helical structure under the influence of 
SDS. 


Discussion 


The recent suggestion that discoidin I might be 
involved in the cell substratum attachment of Dic- 
tyostelium discoideum cells by a mechanism similar 
to that found in fibronectin-mediated cell ad- 
hesion of vertebrate cells [7] raises the question of 
the structural organization of this lectin and its 
possible homologies with that of fibronectin. 
Several meaningful structural traits of fibronectin 
have been described in the past years through 
studies on the spectroscopic properties of this 
protein [12-14]. We have used a similar approach 
for discoidin I in order to gain information about 
its structure. 

The studies on CD spectra of discoidin I re- 
ported in this paper show that this lectin presents 
structrual homologies with fibronectin. As with 
fibronectin, the low intensity of discoidin I CD 
spectra indicates that this protein should present a 
low level of secondary structure. More significant 
is the detection of a 224 nm positive ellipticity 
band which resembles that at 227 nm found in 
fibronectin, suggesting a contribution to aromatic 
chromophores on the C.D. behavior of the dis- 
coidin I molecule. The optical activity of tyrosine 
side-chains has been reported to be responsible for 
the 227 nm positive band detected in the CD 
spectra of fibronectin [14]. The CD spectrum of 
discoidin I resembles more closely that of tryp- 
tophan residues than that of tyrosine between 210 
and 240 nm [29]. Nonetheless, the maximum ob- 
served for discoidin I is displaced towards 224 nm 
relative to tryptophan (228 nm). The fluorescence 
studies reported here clearly support the existence 
of at least one displaced tryptophan residue partly 
buried in a more hydrophobic environment in the 


discoidin I molecule. From the model of discoidin 
I presented in Fig. 4 it can be observed that two 
out of five tryptophan residues of the monomer 
are located in a hydrophobic environment (Trp-50 
and -236). One of both residues could be responsi- 
ble for the characteristic 224 nm positive elliptic- 
ity band of the CD spectrum as well as for the 325 
nm emission shoulder detect in the fluorescence 
spectra. 

The displacement of the positive band at 224 
nm in discoidin I could be explained by a high 
contribution of -turns in this molecule [29]. In 
fact, from the CD data adjusted to the parameters 
of Chang et al. [21] and from the theoretical 
prediction of Chou and Fasman [26,27], discoidin 
I shows a high content of B-turns (see Table I). 
When the secondary structure estimation is done 
following the method of Garnier [30], 35% of 
B-turn structures is also obtained. These values are 
also in agreement with those recently reported by 
Ohyama et al. [11] and taken together strongly 
support a high B-turn content for discoidin I. In 
this context it is also worthy of mention that the 
lectin concanavalin A is one of the typical B-pro- 
teins (50% £-strand and 25% #-turn), with very 
little a-helical structure [29]. The results discussed 
here for discoidin I together with those recently 
reported for the 14 kDa chick embryo lectin [11] 
support the notion that, in general, lectins may 
possess similar structures with low a-helical and 
high -structures (f-strand and/or f-turn) 
organization. 

In the case of discoidin I, the results obtained 
in the presence of SDS point out that the amino- 
acid sequence of this lectin has a higher potential 
for a-helical conformation (up to 39.2%), suggest- 
ing the existence of structural constraints imposed 
by the tertiary structure of the protein. This be- 
havior closely resembles that previously reported 
for fibronectin when treated with SDS, where a 
20% of a-helix conformation is induced by low 
concentrations of the detergent [22]. In spite of the 
higher complexity of fibronectin molecule (dimer 
of 440 kDa) compared to that of discoidin I 
(tetramer of 120 kDa) the similarities in their 
spectroscopic properties tempt us to speculate 
about the existence of general structural homolo- 
gies in both proteins. At least for the cell-binding 
sequence, the secondary structure predictive meth- 
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ods show that the specific peptide is located in a 
-turn of an exposed region both in discoidin I 
(this work) and in fibronectin [31]. 

On the other hand, the significant contribution 
of aromatic chromophores to the optical activity 
of both proteins strengthens these homologies fur- 
ther than those arising from amino-acid sequenc- 
ing and raises the question of the possible involve- 
ment of those chromophores in the biological 
function of cell-attachment proposed to be shared 
by both molecules [7]. This implication remains to 
be investigated in the future. 

Regarding the sugar-binding activity of dis- 
coidin I, the fact that CD spectra do not change in 
the presence of various sugars indicates that no 
major changes in the overall secondary structure 
of discoidin I are induced by the binding of these 
ligands. On the other hand, the fluorescence stud- 
ies show that the 325 nm shoulder arising from a 
displaced tryptophan residue is also observed in 
the presence of different concentrations of sugar 
ligands (galactose, N-acetylgalactosamine, N- 
acetylglucosamine; results not shown). The 
shoulder is more apparent in the presence of low 
concentrations of N-acetylgalactosamine (107? M) 
than with similar concentrations of less specific 
sugars. Even when the differences between sugars 
are apparent (about 5%) the whole difference com- 
pared to control is rather small (2—-3%). This low 
variation does not allow an accurate quantifica- 
tion of the different emissions with the various 
sugars. Nonetheless, the better definition of the 
shoulder with a lower concentration of N- 
acetylgalactosamine indicates that some specific 
environmental changes in tryptophan residues are 
induced by the binding of this specific sugar ligand 
to discoidin I. More work should be done on this 
aspect in order to determine the role of this flu- 
orophore in the sugar-binding function and how 
(if at all) it can influence the cell-binding activity. 

Given the structural homologies between dis- 
coidin I and fibronectin reported here, it would be 
of interest to extend this kind of study to other 
lectins such as the 14 kDa chick embryo lectin, in 
order to explore further the possible structural and 
functional homologies between lectins and 
fibronectin and to gain a deeper insight into the 
biological function of these molecules. 
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Changes in intrinsic protein fluorescence of lobster muscle D-glyceraldehyde-3-phosphate dehydrogenase 
(p-glyceraldehyde-3-phosphate: NAD * oxidoreductase (phosphorylating), EC 1.2.1.12) have been compared 
with inactivation of the enzyme during denaturation in guanidine solutions. The holoenzyme is completely 
inactivated at guanidine concentrations less than 0.5 M and this is accompanied by a red shift of the 
emission maximum at 335 nm and a marked decrease in intensity of the intrinsic fluorescence. At 0.5 M 
guanidine, the inactivation is a slow process, with a first-order rate constant of 2.4 10~* s71. A further red 
shift in the emission maximum and a decrease in intensity occur at guanidine concentrations higher than 1.5 
M. The emission peak at 410 nm: of the fluorescent NAD derivative introduced at the active site of this 
enzyme (Tsou, C.L. et al. (1983) Biochem. Soc. Trans. 11, 425-429) shows both a red shift and a marked 
decrease in intensity at the same guanidine concentration required to bring about the inactivation and the 
initial changes in the intrinsic fluorescence of the holoenzyme. It appears that treatment by low guanidine 
concentrations leads to both complete inactivation and perturbation of the active site conformation and that 


a tryptophan residue is situated at or near the active site. 


Introduction 


The effects of structural changes on the activity 
of enzymes have been extensively studied in the 
literature. However, previous authors have largely 
concentrated on the effect of chemical modifica- 
tion of the primary structures [1-4]. On the other 
hand, although the importance of conformational 
integrity for the activity of an enzyme is generally 
recognized and the folding and unfolding of pro- 
tein molecules under different conditions have 
been extensively studied [5-8], relatively few at- 
tempts have been made to correlate the conforma- 
tional changes of an enzyme to changes in its 
catalytic activity. In this laboratory, the conforma- 
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tional changes of creatine kinase (EC 2.7.3.2) dur- 
ing guanidine or urea denaturation at different 
concentrations have been followed by changes in 
ultraviolet absorbance, fluorescence and CD as 
well as by exposure of buried SH groups. At low 
guanidine or urea concentrations, the activity of 
creatine kinase is seriously affected without any 
detectable change in conformation [9-11]. It has 
been suggested that the active site of creatine 
kinase is situated in a limited region of the mole- 
cule which is more sensitive to guanidine or urea 
than the enzyme as a whole. A slight perturbance 
to the correct spatial geometry of the functional 
groups responsible for the catalytic mechanism 
destroys its activity before any gross conforma- 
tional changes can be detected. A probe intro- 
duced at the active site would be useful in reveal- 
ing conformation changes at this region as com- 
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pared to the molecule as a whole. 

We have previously reported that by ultraviolet 
irradiation of active site carboxymethylated 
glyceraldehyde-3-phosphate dehydrogenase (D- 
glyceraldehyde-3-phosphate: NAD* oxidoreduc- 
tase (phosphorylating), EC 1.2.1.12) a fluorescent 
derivative of NAD is formed covalently linked to 
the enzyme presumably at its active site [12-16]. 
This fluorescent NAD derivative has now been 
employed as a probe to study the conformational 
changes at the active site during guanidine de- 
naturation of this enzyme. It is shown that the 
same low concentration of guanidine leads to the 
complete inactivation of the holoenzyme and af- 
fects markedly both the intrinsic fluorescence of 
the enzyme at 335 nm and the fluorescent proper- 
ties of this covalent NAD derivative. 


Materials and Methods 


Lobster muscle pD-glyceraldehyde-3-phosphate 
dehydrogenase, recrystallized three times, was pre- 
pared by the method of Allison and Kaplan [17] 
from the tail muscle of Palinurus versicolor with a 
specific activity of about 60000. The molar ab- 
sorption coefficient used for concentration de- 
termination and the method of activity assay were 
as given by Allison and Kaplan [17]. Guanidine 
used was a local guaranteed reagent and the ab- 
sorbance at 250 nm of a 6 M solution was less 
than 0.05. 

The removal of tightly bound NAD“, carboxy- 
methylation at the active-site SH groups as well as 
preparation of the enzyme with the covalently 
linked fluorescent NAD derivative were essen- 
tially as described for the rabbit muscle [13] and 
the Stearothermophilus enzymes [18]. The holoen- 
zyme (0.2 mM) was treated with 6 mM iodoace- 
tate, for 10 min at 0°C, resulting in an inactiva- 
tion of approximately 98%. The solution was then 
passed through a Sephadex G-50 column to re- 
move the excess iodoacetate. Determination with 
3,5’-dithiobis(2-nitrobenzoic acid) showed that 
only the active site SH group per each subunit has 
been modified. The carboxymethylated enzyme, 
30 pM, in 0.1 M phosphate buffer (pH 7.0) con- 
taining 0.6:mM NAD* in a 3 ml cuvette was 
placed about 8 cm before an 150 W xenon lamp 
and irradiated for 20 min. The solution was occa- 


sionally stirred and cooled with an electric fan 
during irradiation. 

During denaturation the enzyme (final con- 
centration, 0.3 uM) was dissolved in 0.1 M phos- 
phate buffer at pH 7.0 containing 1 mM EDTA 
and guanidine at the desired concentration. The 
solutions were allowed to stand at room tempera- 
ture, usually around 20°C, for 24 h for the reac- 
tion to reach completion as indicated by no fur- 
ther activity or fluorescence changes. The enzyme 
was completely stable in the absence of the de- 
naturant under similar conditions. Aliquots were 
then taken for activity and fluorescence measure- 
ments. The lobster muscle enzyme was found to 
be poorly soluble in guanidine solutions of con- 
centrations around 1 M and this prevents the 
measurements of the conformational changes of 
the enzyme by methods which would require higher 
enzyme concentrations such as CD or ultraviolet 
difference spectra measurements. At 0.3 uM, the 
enzyme is soluble throughout the concentration 
range of guanidine solutions employed. 

Absorbance and fluorescence measurements 
were carried out with a Cary 219 spectrophotome- 
ter and a Hitachi MPF-4 spectrofluorometer, re- 
spectively, both maintained at 25°C. 


Results 


Fluorescence and activity changes of the holoenzyme 
in guanidine solutions of different concentrations 
Changes in the fluorescence emission spectra of 
the holo- and apo-pD-glyceraldehyde-3-phosphate 
dehydrogenase after denaturation in guanidine 
solutions of increasing concentrations for 24 h are 
shown in Fig. 1. Both the decrease in emission 
intensity and the red shift of the emission maxi- 
mum occur in two stages, as can be seen from Fig. 
2. At guanidine concentrations less than 0.1 M, 
very little, if any, fluorescence change can be 
observed for the holoenzyme. A marked decrease 
in emission intensity takes place at about 0.2-0.4 
M guanidine together with a slight red shift of the 
emission maximum from 335 to 339 nm. Further 
changes in the fluorescence properties occur at 
guanidine concentrations between 1.5 and 2.0 M 
with a slight decrease in emission intensity but a 
marked red shift of the emission maximum from 
342 to 357 nm. The extents of inactivation in 
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Fig. 1. Fluorescence emission spectra of. the holoenzyme in 
guanidine solutions of different concentrations The lobster 
enzyme (03 pM) was dissolved in 01 M phosphate buffer at 
pH 7.0 containing 1 mM EDTA and guanidine at the desired 
concentration. The solutions were allowed to stand at room 
temperature usually around 20°C for 24 h for the denaturation 
to reach completion before fluorescence measurements with an 
excitation wavelength of 295 nm. Numbers on each curve 
denote guanidine molar concentrations 


guanidine solutions are also recorded in Fig. 2 
aand; as can be clearly seen, coincide almost ex- 
actly with the extents of fluorescence changes in 
the initial stage. The enzyme is completely in- 
activated by incubation with 0.4 M guanidine for 
24 h, whereas control samples without guanidine 
show complete activity. 


Fluorescence and activity changes of the apoenzyme 
in guanidine solutions of different concentrations 
Similar results have been obtained with the 
apoenzyme (Fig. 3) except that the initial drop in 
emission intensity, the red shift of the emission 
maximum as well as the inactivation take place at 
lower guanidine concentrations than in the case of 
the holoenzyme. Whereas there is very little change 
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Fig 2. Fluorescence and activity changes of the holoenzyme in 
guanidine solutions of different concentrations. Conditions 
were as for Fig. 1 except that at the end of the incubation, 
ahquots were then taken for activity measurements The en- 
zyme was stable under the above conditions ın the absence of 
guamdine Curves 1-3 represent respectively the effects of 
guanidine on emission maximum, relative activity (left ordinate) 
and emission intensity (right ordinate) 


in 0.1 M guanidine for the holoenzyme, marked 
changes have been observed for the apoenzyme. 
This is doubtless due to the protective effects of 
NAD* at the active site. Again, the change in 
activity coincides almost exactly with changes in 
fluorescence properties. 

A similar two-stage change in both the fluores- 
cence intensity and emission maximum has been 
observed for the enzyme carboxymethylated at its 
active-site SH groups (data not shown). 


Changes in fluorescence properties of the enzyme 
carrying the fluorescent NAD derivative in guani- 
dine solutions of different concentrations 

It has been shown in this laboratory that the 
ultraviolet irradiation of the active site carboxy- 
methylated enzyme produces a fluorescent NAD 
derivative covalently linked to the enzyme with a 
fluorescence emission maximum at 410 nm [13] 
and that the emission intensity of this fluorescent 
NAD derivative decreases during the gradual un- 
folding of the enzyme molecule by sodium dode- 
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Fig. 3 Fluorescence and activity changes of the apoenzyme in 
guanidine solutions of different concentrations Conditions 
were as for Fig 2 except that the apoenzyme with an A299 /A 269 
of 1.90 was employed. Curves 1-3 represent respectively the 
effects of guanidine on emission maximum, relative activity 
(left ordinate) and emission intensity (right ordinate) 


cylsulfate of increasing concentrations [14]. de- 
naturation by guanidine produces decreases in 
emission intensities of both the intrinsic protein 
fluorescence as well as the fluorescence at 410 nm 
of this modified enzyme carrying the fluorescent 
NAD derivative together with marked red shifts of 
the respective emission maxima, as summarized in 
Fig. 4. The effect of guanidine solutions of differ- 
ent concentrations on the intrinsic protein fluores- 
cence of the enzyme carrying the fluorescent NAD 
derivative is closely similar to those for the holo- 
and apo-enzymes, indicating again that no gross 
conformational changes has occurred during the 
formation of this fluorescent derivative [15]. 

It is to be noted that the greater part of the 
decrease in the fluorescence at 410 nm takes place 
at guanidine concentrations less than 0.5 M, largely 
in coincidence with the initial stage of the intrinsic 
fluorescence changes of the native as well as the 
enzyme carrying the fluorescent derivative. As this 
NAD derivative is formed in situ at the active site 
of this enzyme, it appears that the fluorescence 
change at low guanidine concentrations results 
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Fig 4. Changes in fluorescence properties of the enzyme 
carrying the fluorescent NAD derivative ın guanidine solutions 
of different concentrations. Conditions were as for Fig 2 
except that the enzyme carrying the fluorescent NAD deriva- 
tive was employed. For’ the measurements of the fluorescence 
at 410 nm, an excitation wavelength of 325 nm was used 
Curves 1-4 represent respectively the effects of guanidine on 
emission maxima of the fluorescent derivative (left ordinate) 
and the intrinsic fluorescence (nght ordinate), emission intens1- 
ties of the fluorescent derivative (left ordinate) and the mtnn- 
sic fluorescence (right ordinate). 


from the unfolding of the active site region of the 
enzyme molecule. It is also to be noted that at a 
guanidine concentration of 0.05 M, both the in- 
tensity of the fluorescence of the enzyme protein 
and that of the NAD derivative increase slightly. 
This will be discussed in a later section. 


Course of inactivation in guanidine solutions 

The course of inactivation of the holoenzyme in 
0.5 M guanidine, as shown in Fig. 5, is a fairly 
slow first-order process with a rate constant of 
2.4- 107? s~!. The conformational changes as in- 
dicated by changes in the intrinsic fluorescence 
properties of the enzyme produced by such a low 
guanidine concentration is likewise a slow first- 
order reaction and a semilogarithmic plot gives a 
rate constant very similar to that for the inactiva- 
tion reaction. 
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Fig. 5 The course of inactivation in 05M guanidine. The 
holoenzyme, 03 uM, was incubated with 0.5 M guanidine in 
0.1 M phosphate buffer at pH 7.0 containing 1 mM EDTA at 
25°C and aliquots were taken at different time intervals for 
activity assay The inset shows a semilogarithmic plot of the 
results obtained. 


Discussion 


In previous publications [9-11] the activity and 
conformation changes of creatine kinase during 
unfolding of the molecule in guanidine and urea 
solutions have been studied and it has been shown 
that at low guanidine or urea concentrations, the 
activity of creatine kinase is seriously affected 
without any gross conformational change which 
can be detected by the physicochemical methods 
employed. It is suggested that the active site of 
this enzyme is situated in a limited region of the 
molecule which is more fragile to conformational 
disturbances in the denaturation process [11]. It 
has now been shown that the inactivation of lob- 
ster muscle p-glyceraldehyde-3-phosphate dehy- 
drogenase, also occurs at low guanidine concentra- 
tions. That such low concentrations of guanidine 
does produce conformational changes at the active 
site has now been demonstrated for glyceralde- 
hyde-3-phosphate dehydrogenase by the changes 
in emission properties of the fluorescent NAD 
derivative introduced at the active site by ultra- 
violet irradiation of the carboxymethylated en- 
zyme in the presence of NAD [12]. It is to be 
noted, however, that complete exposure of this 
fluorescent NAD derivative requires a slightly 
higher guanidine concentration. It is known that 
exposure of the fluorescent NAD derivative by 
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SDS denaturation of this enzyme also leads to 
decrease in emission intensity and red shift of the 
emission maximum [14]. 

The inactivation of glyceraldehyde-3-phosphate 
dehydrogenase is accompanied by marked intrin- 
sic fluorescence changes at the same range of 
guanidine concentrations, presumably due to en- 
vironmental changes of a tryptophan residue at or 
near the active site. Radiationless energy transfer 
between tryptophan residue(s) of the enzyme and 
the fluorescent NAD derivative has been shown 
previously [15]. A disruption of the conforma- 
tional integrity at the active site and therefore the 
spatial arrangement between the substituted nico- 
tinamide ring of the fluorescent NAD derivative 
and the indole ring of tryptophan at or near the 
active site could lead to the increase in emission 
intensity of the intrinsic fluorescence of the en- 
zyme carrying the fluorescent NAD derivative, as 
shown in Fig. 4. It is interesting to note that the 
activity of the enzyme is affected at such low 
concentration of guanidine which also affects the 
energy transfer. Although the effect of guanidine 
on the conformational integrity of the native en- 
zyme may or may not be identical to that of the 
enzyme carrying the fluorescent NAD derivative, 
it is to be noted that the courses of changes in the 
fluorescence properties with increasing guanidine 
concentrations are closely similar. On the other 
hand, it has been shown previously by CD mea- 
surements that no gross conformational change 
has occurred during the introduction of a fluo- 
rescent NAD derivative at the active site [16]. 

Heilmann and Pfleiderer have provided evi- 
dence to show that Trp-193 is essential for the 
activity of this dehydrogenase from yeast [19]. It is 
also known that Trp-193 of the lobster enzyme is 
situated not very far from the active site [20]. 
However, this tryptophan residue is not conserved 
in the sequences of the enzymes isolated from 
thermophilic bacteria [21]. On the other hand, 
quantitative studies on the energy transfer be- 
tween tryptophan and the fluorescent NAD de- 
rivatives have shown that, for both the muscle [15] 
and the bacterial enzymes [18], at least one of the 
tryptophan residues is situated much closer to the 
nicotinamide ring than indicated from X-ray 
crystallographic results. The results obtained in 
the present study show the concomitant exposure 
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of the tryptophan residue near the active site and 
the inactivation of the enzyme and this is sugges- 
tive that a tryptophan residue could play a role in 
the catalytic mechanism of this enzyme. Whether 
this involves subtle conformational arrangements 
so as to favor substrate binding or the chemical 
aspects of hydride transfer would require further 
investigation. 
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The conformation of the globular dimer (G,), the tailed asymmetric dodecamer (A ,,, also containing some 
tailed octamer A,) and the globular tetramer (G,, prepared by removing the collagen-like tail from A,,) of 
acetylcholinesterase (acetylcholine acetylhydrolase, EC 3.1.1.7) was studied by circular dichroism (CD) in 
the ultraviolet region. The G, and G, forms had similar conformation with about 40% a-helix, 35% B-sheets 
and 4% f-turns; the tailed form had a lower helicity (about 34%) and -form (about 25%) content probably 
because of the presence of the tail whose CD spectrum resembles that of an unordered form, but it had 
about the same amount of §-turns as the other two forms. All three forms also had similar CD spectra in the 
near-ultraviolet region due to their non-peptide chromophores. The pH, thermal and urea denaturation of the 
three acetylcholinesterase forms was also similar to each other. The pH-dependency of both the enzymatic 
activity and CD intensity of the three forms showed bell-shaped curves with a plateau at pH 7-8. The 
activity was completely lost at pH below 5 or above 10, but the corresponding CD spectra retained 70-80% 
of the original magnitudes. Thermal denaturation of the three forms at pH 7.5 showed a conformational 
transition and loss of activity between 30 and 40°C, but the CD intensity of the helical band at 222 nm was 
reduced by only 20-30%. Urea denaturation of the three forms began at 1 M urea; it was protein 
concentration- and time-dependent. Again, the activity disappeared faster than the decreasing CD intensity. 
Thus, the overall conformation of the three acetylcholinesterase forms appears to be relatively stable, but 
their active site is easily perturbed by changing the environment. The loss of activity correlated well with the 
disapperance of the CD band of tryptophan(s) in the near-ultraviolet region, suggesting that the Trp 
residue(s) might be at or near the active center of the enzyme. 


tissues has been a subject of extensive study. The 
multiple molecular forms were identified not by 
differences in electrical charges like many other 
isozymes but by differences in sedimentation 
velocity in sucrose density gradient centrifugation. 
The most abundant source of synaptic acetyl- 
cholinesterase is the electric organs of electric eel 
and ray. The enzyme from these sources has been 
isolated and studied extensively [1-4]. The major- 


Introduction 


Polymorphism of acetylcholinesterase (acetyl- 
choline acetylhydrolase, EC 3.1.1.7) in vertebrate 


Abbreviations: (C,,E 7, dodecylheptaoxyethylene ether; 
Ci2E112, dodecylpolyoxyethylene ether, with an average 
oxyethylene chain length of 11 2; CD, circular dichroism. 
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ity of acetylcholinesterase from these sources is 
the asymmetric or tailed dodecamer A,, in the 
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basal lamina of the extracellular matrix. It has a 
sedimentation coefficient of 17-18 S and consists 
of 12 globular catalytic subunits (each subunit has 
an M, of about 70000), which form three tetra- 
mers and are linked by disulfide bonds to three 
collagen-like tails (each strand has an M, of 
55000). For Torpedo californica, a non-catalytic 
subunit with an M, of 100000 was also identified 
in the asymmetric enzyme [4]. The extracted asym- 
metric acetylcholinesterase is heterogeneous; it also 
contains about 25% of asymmetric octamer A, (13 
S) and a trace mount of asymmetric tetramer A, 
(8 S), which has 8 and 4 catalytic subunits, respec- 
tively. All these forms can be converted to a 
globular catalytic tetramer G,, (11 S$) by proteo- 
lytic enzymes such as trypsin, papain or col- 
lagenase. The other species of acetylcholinesterase 
in the electric fish is the globular dimer G, (6 S) 
on the outer surface of the synaptic cell membrane 
which can be further classified into low-salt-solu- 
ble G, and detergent-soluble G,. Both G,’s are 
hydrophobic but they have some structural dif- 
ferences [5]. Differences between G, and the cata- 
lytic subunits of A,, have also been reported [3,6]. 

Schumacher et al. [7] have recently determined 
the amino-acid sequence of the G, form of 
acetylcholinesterase from the corresponding se- 
quence of cDNA. The exact homology or dif- 
ferences among these molecular forms can be 
identified when the sequences of globular G, (both 
low salt-soluble and detergent soluble) become 
available in the near future. 

In this paper we compared the CD spectra of 
the tailed and the low-salt-soluble globular acetyl- 
cholinesterase. These two acetylcholinesterase 
forms appeared to have slightly different spectra, 
but they had essentially the same conformation 
when the collagen-tail of the tailed acetyl- 
cholinesterase was removed by proteolysis. All 
three acetylcholinesterase forms behaved similarly 
toward denaturation by acid, alkali, heat or urea. 
In all cases acetylcholinesterase was irreversibly 
denatured, but the overall conformation of the 
enzymes appeared to be relatively stable, even 
though their enzymatic activities were completely 
lost under various denaturing conditions. 

This work was first presented at the Annual 
Meeting of the American Society of Biological 
Chemists, Washington, DC [34,35]. 


Materials and Methods 


Materials 
Liquid-nitrogen-frozen electroplax of Torpedo 
californica was obtained from Marinus, Westches- 


= ter, CA. 9-Chloroacridine and 1,3-diaminopro- 


pane were respectively from American Scientific 
Products and Aldrich. e-Aminocaproic acid, Tri- 
ton X-100, aprotinin, decamethonium bromide and 
Sepharose CL-4B were from Sigma. Cholic acid 
from Sigma was recrystallized from ethanol. Non- 
ionic detergents C,,E, and C,,E,,, were from 
Nikkol and KaoAtlas, both of Japan. A calibrated 
protein standard, plasma gamma globulin was 
from Bio-Rad Laboratories. 

The acridine resin, 9-(€-aminocaproyl-y-ami- 
nopropylamino)acridinium-Sepharose, was syn- 
thesized by the method of Rosenberry and 
Richardson [1]. The amount of bound ligand, as 
measured by absorbance at 412 nm, was about 1 
umol acridine per ml packed resin. 

Buffers used for extractions were: buffer 1, 0.1 
M NaCl/10 mM Tris-HCl (pH 7.5); buffer 2, 2 M 
MgCl,/10 mM Tris-HCl (pH 7.5); buffer 3, 1 M 
NaCl/40 mM MgCl, /10 mM Tris-HCl (pH 7.5). 


Methods 


Extraction and purification of acetylcholinester- 
ase. Both G, and tailed acetylcholinesterase were 
extracted by the methods of Lee et al. [4,8] except 
that the volume of the buffer and the time and 
speed of centrifugation were changed slightly. In 
addition, the filtration step for the tailed acetyl- 
cholinesterase after dialysis was omitted and sub- 
stituted with centrifugation for 30 min at 45000 
rpm in a Beckman 45 Ti rotor. The G, form was 
extracted according to the method of Taylor et al. 
[9]. 

All three acetylcholinesterases were purified on 
acridine resin columns (1.5 X 20 cm) equilibrated 
with respective buffers: buffer 1 plus 1% of either 
Triton X-100 or C,,E,,, for G,, buffer 1 plus 40 
mM MgCl, for G, and buffer 3 for the tailed 
enzyme. The enzyme fractions which were eluted 
with 25 mM decamethonium bromide were pooled 
and dialyzed to remove decamethonium bromide. 
Triton X-100 in the solution of G, was removed 
by treatment with Bio-Beads SM-2 (0.3 g beads 


per ml of acetylcholinesterase solution) and 
replaced with another non-ionic detergent C,,E, 
(10 mM). When Triton X-100 was substituted 
with C,,E,,, in the affinity column of G,, the 
Bio-Beads SM-2 step was eliminated. The purified 
enzymes were stored at — 70°C. For CD measure- 
ments, the enzymes were further dialyzed against 
40 mM sodium pyrophosphate (pH 7.5) to remove 
excess salts. Both Triton X-100 and chloride ions 
absorb far-ultraviolet wavelengths and are unde- 
sirable for CD- studies. 

Protein and enzyme assays. Protein concentra- 
tions were determined by the Lowry method with 
y-globulin as a standard (the standard curve for 
y-globulin was very close to that of acetylcholines- 
terase calibrated by amino-acid analysis). For 
routine measurement of acetylcholinesterase activ- 
ities, the method of Ellman et al. [10] was 
employed. The enzyme reaction was measured at 
room temperature either by monitoring the change 
in optical absorbance at 412 nm with the aid of a 
recorder attached to a Zeiss spectrophotometer or 
by stopping the enzyme reaction after 5 min with 
1% SDS and measuring the developed color after- 
wards. The assay medium contained 2.5 ml of 0.1 
M sodium phosphate, 5 mM MgCl, (pH 7.5), 100 
ul of 10 mM 5,5’-dithiobis(2-nitrobenzoic acid), 
20 pl of 75 mM acetylthiocholine and 10 pl of 
appropriately diluted acetylcholinesterase. For ac- 
tivities at different pH levels and temperatures, 
the pH-stat method was used on a Radiometer 
PHM 84 pH meter equipped with TTT-80 Titrator 
and ABU Autoburet. The assay mixture contained 
5 ml of 0.1 M NaCl, 5 mM MgCl,, 50 pl of 15 
mg/ml acetylcholine chloride and 10 pl of acetyl- 
cholinesterase. The reaction mixture was main- 
tained at a constant temperature in a water-cir- 
culating cell connected to a Hakke water bath. 
Nitrogen was purged over the solution to mini- 
mize the effect of CO, in the air. Acetic acid 
liberated by the enzymatic reaction was titrated 
with 0.01 M NaOH to a prefixed end-point pH. 
For pH-dependent activity studies, the decreased 
ionization of acetic acid at low pH and increased 
deprotonation of the choline group at high pH 
may slightly affect the NaOH consumption, but 
such corrections were neglected. 

SDS-polyacrylamide gel electrophoresis. Slab 
SDS-polyacrylamide gel electrophoresis was per- 
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formed in 1 mm-thick gels contaming 3—12% lin- 
ear gradient of polyacrylamide in a Bio-Rad Pro- 
tean II unit. The acetylcholinesterase samples were 
prepared by adding SDS to 1% and dialyzed 
against 25 mM Tris-HCl (pH 7.5) to remove excess 
salts before mixing with the sample buffer. Bio- 
Rad high-molecular-weight and Pharmacia low- 
molecular-weight standards were used as the 
molecular-weight markers. 

Sucrose density gradient centrifugation. A linear 
density gradient of sucrose (5~25% w/v) contain- 
ing buffer 1 or 3 was made in 40-ml tubes for the 
SW 28 rotor. The solutions were stored at 4°C 
overnight before layering 50-200 ul of 
acetylcholinesterase on top of the gradient. The 
contents were centrifuged in a Beckman LB 55M 
centrifuge at 28000 rpm and 4°C for 26 h. Frac- 
tions were collected from the bottom and analyzed 
for acetylcholinesterase activities. E. coli B-galac- 
tosidase (16 S) and bovine catalase (11.4 S) were 
used as the S-value markers. The two proteins 
were assayed, respectively, by the method of 


-Craven et al. [11] and Beers and Sizer [12]. 


Amino-acid analysis. Amino-acid compositions 


‘were determined after the proteins had been 


hydrolyzed in 6 M HCI for 24 h on a Beckman 
6300 amino-acid analyzer at the Department of 
Biochemistry and Biophysics, University of Cali- 


‘ fornia at Davis. 


CD spectra. CD was-measured on a JASCO 
J-500A spectropolarimeter equipped with a DP- 
500 for data acquisition and an IBM personal 
computer for data analysis. Temperature of the 
protein solution was maintained by a jacketed 
aluminum cell holder connected to a Hakke con- 
stant-temperature water bath. Optical activity is 


” expressed as mean residue ellipticity, [@], in deg - 


em’/dmol, which is calculated according to the 
equation: 


[@]=(d-s Mg)/(e-l) 


where M, denotes mean residue weight, d observed 
ellipticity (the displacement in cm from the base- 
line), s sensitivity in mdeg/cm, c protein con- 
centration in mg/ml, and / the cell pathlength in 
mm. The CD data were analyzed by the methods 
of Chang et al. [13] using the reference spectra 
obtained from 15 proteins of known structure. 
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For pH studies, buffers of constant 1onic 
strength containing glycine (pH 2-3.5, 9.5-12), 
acetate (pH 4-5.5) and phosphate (pH 6-7.5) [14] 
were used. Appropriate amounts of the pH 7.5 
and pH 10 buffers were mixed to cover the pH 
range of 8-10 (veronal buffer (pH 8-0.5} was not 
used because it absorbs in the far-ultraviolet re- 
gion). To save the protetns and to overcome the 
buffering capacity of pyrophosphate in the 
acetylcholinesterase stock solution, 1 part of 
acetylcholinesterase and 10 parts of the buffer 
were mixed and the pH of the mixture was 
rechecked. For urea denaturation studies, a con- 
stant amount of acetylcholinesterase solution was 
mixed with an appropriate amount of 10 M urea 
solution and water to final urea concentrations of 
1-8 M. 


Results 


Homogeniety of acetylcholinesterase preparations 

All three forms of acetylcholinesterase were 
purified by acridine-Sepharose affinity column and 
their homogeniety was checked by the sucrose 
density gradient centrifugation in the presence of 
Triton X-100. In general, G, was quite homoge- 
neous. but G, and A, were somewhat con- 
taminated by other acetylcholinesterase forms. The 
contaminants in G, were probably undigested A,, 
(17 S) and partially digested A, (8 S), whereas 
high-molecular-weight aggregates and a trace 
amount of G, may be present in the tailed en- 
zyme. No attempt was made to separate A, from 
A>; they were grouped as the tailed acetylcholin- 
esterase. 


SDS-polyacrylamide gel electrophoresis 

The subunit structure of acetylcholinesterase 
was studied by SDS-polyacrylamide gel electro- 
phoresis in the absence and presence of the reduc- 
ing agent, dithiothreitol. The electrophoretic pat- 
terns were similar to those of the published results 
[1,4,8]. In the absence of dithiothreitol, G, showed 
a major and a minor bands with M, of 120000 
and 67000, respectively. The M, 120000 band was 
reduced to M, 67000 with dithiothreitol. G, 
showed bands with M, of 69000, 120000, 215 000 
and multiples of higher-molecular-weight aggre- 
gates without reduction. On addition of dithioth- 


reitol all became the 69000 band. Both with and 
without dithiothreitol, G, also showed a sharp 
band of 18000, probably a product of the proteol- 
ysis during preparation, and a faint 95000 band. 
The tailed acetylcholinesterase existed as a mix- 
ture of high-molecular-weight aggregates, dimer, 
and monomer without dithiothreitol and reduced 
to the monomer and a collagen band of 55000 
with dithiothreitol. Lee et al. [4] reported that the 
noncatalytic M, 100000 component was released 
upon reduction of the tailed acetylcholinesterase; 
this component may correspond to our 95000 
band. However, we also found this band in sam- 
ples stored in 1% SDS for a prolonged time without 
reduction. 


Amino-acid compositions 

Although the G, form of acetylcholinesterase is 
found in the synaptic membrane and the G, form 
derived from the tailed acetylcholinesterase in the 
extracellular matrix, the amino-acid composition 
of the two proteins was very similar, one to the 
other (Table I) and to that reported previously for 
G, from the same species [8] and for G, from 


TABLE I 


AMINO-ACID COMPOSITIONS OF ACETYLCHOLINES- 
TERASES FROM TORPEDO CALIFORNICA 


The numbers are expressed in mol% and calculated on the 
basis of analyzed amino-acid residues. Cysteme and tryptophan 
residues were found in the amino-acid sequence but are 
excluded from the table for the sake of comparison. 


Residue Gy G, G,* 

Asx 11 79 11.59 11.63 
Thr 475 4.46 436 
Ser 8 78 8.10 8.55 
Glx 945 10.85 10.54 
Pro 645 6.28 5.82 
Gly 8 60 8.60 8 00 
Ala 5.15 4 86 4.55 
Val 6 91 6 41 727 
Met 1.18 161 3.09 
lle 3.53 3.61 400 
Leu 952 9,32 909 
Try 4.37 3.98 345 
Phe 6 96 6.88 655 
His 2.99 3 54 3.27 
Lys 497 499 4.91 
Arg 463 4.91 4.91 


* Calculated from sequence 


another species [1]. The mol% of each amino acid 
for G, was very close to that calculated from the 
sequence data (exclusing Cys and Trp) of Schu- 
macher et al. [7]. Our low value of Met may be 
due to partial destruction during hydrolysis. Lee 
et al. [8] reported that the hydrophobic gloular 
dimer contained more hydrophobic amino acids 
than the catalytic subunits of the asymmetric 
acetylcholinesterase, but our results showed no 
significant differences between these two forms of 
acetylcholinesterase. 


CD spectra in the far-ultraviolet region” 

The far-UV CD spectra reflect the secondary 
structure (a-helix, -sheets and f-turns) of pro- 
teins. Each curve for the three forms of acetylcho- 
linesterase in Fig. 1 represented the average of at 
least three preparations of freshly prepared sam- 
ples. The spectrum for G, and G, overlapped 
each other within experimental errors. The magni- 
tude of the positive band at 193 nm and the 
double minimum at 208 and 222 nm suggest the 
presence of a moderate amount of a-helix. As in 
the spectra of all-a proteins, such as myoglobin 
and cytochrome c, the ellipticity at 208 nm was 
smaller than that at 222 nm. However, the analysis 
of CD spectra revealed a considerable amount of 
B-structure in both proteins (Table II). The helical 
and the -form contents were higher than those 
obtained by Manavalan et al. [15] for G, and G, 
from the same tissue source, but the B-turn con- 
tent was lower for our preparations. The spectrum 
of the tailed acetylcholinesterase (Fig. 1) was 
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Wavelength, nm 


Fig. 1. CD spectra of acetylcholinesterase in the far-ultraviolet 
region at 4°C. Symbols: ----- , Gz; , G; ———, 
A1248. Solutions: 0.1-0 4 mg/ml in 40 mM sodium pyrophos- 
phate (pH 7.5) (The G, solution also contained 10 mM dode- 
cylheptaoxyethylene ether (C12E7). Cells: 0.1-2 mm path- - 
length. 





slightly different from those of G, and G, in that 
the ellipticity at 193 nm was smaller, but that at 
208 nm was larger than the ellipticities of G, and 
G,. The CD analysis showed slightly reduced con- 
tents of the helical and £-form (Table II). This is 
probably due to the presence of the collagen-like 
tail, which has a spectrum similar to that of an 
unordered polypeptide [16]. With the tail removed, 


CONFORMATIONAL PARAMETERS OF ACETYLCHOLINESTERASE (AChE) FROM TORPEDO CALIFORNICA 


Based on the method of Chang et al. [13]. 


AChE fu fe fi 

G- 0.40 0.35 0.04 
0.31 0.23 * 0.18 

G4 0.40 0.35 0.04 
0.33 0.23 ° 0.17 

A1248 0.34 025 006 

Sequence prediction 

G4 0.33 0.33 0.25 
0.32 0.34 0.13 


* Combined fractions of parallel and antiparallel B-structure. 


f R Ref. 

0.21 this work 

0,26 Ref 15 

0 21 this work 

0 28 Ref. 15 

035 this work 

0.08 Chou-Fasman 
0.21 Garnier et al. 
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the catalytic tetramer G, had essentially the same 
conformation as that of G,. Thus, the catalytic 
subunits of the hydrophobic dimer and the asym- 
metric acetylcholinesterase appeared to have a 
similar secondary structure. The conformation of 
acetylcholinesterase was also predicted by the se- 
quence method of Chou and Fasman [17] and that 
of Garnier et al. [18]. The results (Table II) were 
close to those of CD analysis. 


CD spectra in the near-ultraviolet region 

The near-ultraviolet CD spectra often reveal 
differences in tertiary and quaternary structures 
and the microenvironment of aromatic residues. 
The near-ultraviolet CD spectra of acetylcholines- 
terase (Fig. 2) were very sensitive to changes in 
environment and to the freshness of the proteins. 
The ellipticities varied by more than 50% in some 
cases. Each curve for the three forms of 
acetylcholineterase represented the average of two 
or three most fresh preparations. The variations in 
ellipticities among these preparations were less 
than 5% for the presented data. All three forms of 
acetylcholinesterase had very similar profiles; the 
bands for Phe at 262 and 268 nm, Tyr at 276 and 
282 nm and Trp at 289 and 295 nm can be clearly 
identified. However, certain features seemed to be 
specific for each type of acetylcholinesterase. For 
instance, for G, the ellipticity at 291 nm was 
usually near zero, and the bands at 268 and 295 
nm were larger than those at 276 and 289 nm, 


[0], deg cm? dmo! 





Wavelength, nm 


Fig. 2 CD spectra of acetylcholinesterase in the near-ultra- 
violet region at 4°C. Symbols and solutions: same as ın Fig 1. 
Cells: 10-20 mm pathlength 


respectively. For G,, the ellipticity at 289 nm was 
usually greater than that at 295 nm and the spec- 
trum was more or less symmetrical for the 275 nm 
band. For A,,,., the trough at 275 nm never 
exceeded 100 deg cm’*/dmol. The contributions of 
the disulfide bonds in these acetylcholinesterases 
to the near ultraviolet spectra were not known, but 
the decrease in magnitude of the Trp bands corre- 
lated well with the disappearance of the enzymatic 
activity (not shown). 


PH denaturation 

The pH-dependency of the enzymatic activities 
of acetylcholinesterase was studied by the pH-stat 
method between pH 5 and 10. The activity was 
optimal over a narrow range of pH 7 to 8 and fell 
steeply on both sides of the neutral pH (Fig. 3). It 
was completely abolished at pH 5 and 10. The 
activity-pH curves for the three forms of acetyl- 
cholinesterase overlapped each other within 
experimental errors. A similar curve for a mixture 
of G, and the tailed form of acetylcholinesterase 
from Torpedo marmorata under comparable con- 
ditions was reported by Hofer et al. [19], who 
further stated that the addition of MgCl, and 
CaCl, as well as NaCl increased the activity of 
acetylcholinesterase. A similar salt effect was also 
found with our acetylcholinesterase preparations. 

The far-ultraviolet CD spectra of the three 
forms of acetylcholinesterase at pH 2, 7, and 12 


100 
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Fig. 3. Effect of pH on the enzymatic activity of acetylcholines- 
terase at 20°C The activities were normalized to those at pH 
7.5 
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Fig. 4. Effect of pH on the CD spectra of acetylcholinesterase 
in the far-ultraviolet region at 20°C. The solutions were kept 
at room temperature for 30 min before measurements (A) G, 


(27 pg/ml); (B) Gy (16 pg/m; (C) Ai2+8 (22 pg/m). 
Curves: (1) pH 2; (2) pH 7; (3) pH 12. 


(Fig. 4) showed a double minimum at neutral pH, 
which is typical of the presence of a helical con- 
formation, but at either acidic or alkaline pH, the 
proteins appeared to be less ordered as reflected 
by smaller CD magnitudes. The CD spectra at pH 
12 were limited to above 210 nm because of 
excessive noise at lower wavelengths. Judged from 
the CD magnitudes, the denaturation of the en- 
zyme was more extensive at pH 12 than at pH 2. 
The G, form at pH 2 showed a broad minimum 
around 215 nm, suggesting the presence of a 
8-form-like conformation probably due to aggre- 
gation of the protein. 

Acid and alkaline denaturation of the three 
forms of acetylcholineterase was followed by their 
mean residue ellipticities at 208 and 222 nm, which 
represent the two helical bands (Fig. 5). All of 
them showed a bell-shaped curve with an optimal 
pH around neutral. The magnitude of the elliptict- 
ties gradually reduced at acidic and alkaline pH. 
In general, —[ĝ] n decreased more than [@]aog, 
but a considerable amount of ellipticities re- 
mained even at the extreme pH, suggesting that 
the proteins were not extensively unfolded. 

The effect of pH on the CD spectra of 
acetylcholinesterase in the near-UV region was 
represented by the G, form (Fig. 6). At pH 2 most 
of the bands of aromatic side chains disappeared 
and the ellipticities became positive between 255 
to 280 nm (curve 1). At pH 10 the spectrum 
showed a broad negative band without the fine 
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Fig. 5. Plots of mean residue ellipticity vs pH for acetylcholin- 
esterase at 20°C. Symbols: ©, at 208 nm, @, at 222 nm. G5, 
27 pg/ml; G4, 16 pg/ml; Aio.g, 14 pg/ml. The readings 
became constant in about 30 min 


structure of individual bands (curve 2). Notable 
was the Trp band at 295 nm, which had disap- 
peared completely. The spectral changes with pH 
in both far- and near-ultraviolet regions were irre- 
versible; that is, adjusting the pH back to neutral 
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Fig. 6. CD spectra of acetylcholinesterase in the near-ultra- 


violet region at 20°C. Curves: (1) pH 2; (2) pH 10 Protein 
concentration: 0.26 mg/ml 
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Fig. 7 Effect of temperature on the CD spectra of 
acetylcholinesterase in 40 mM sodium pyrophosphate at pH 
75. (A) G, (0.26 mg/ml); (B) G4 (026 mg/ml), (C) A12+8 
(0.12 mg/ml). Curves. (1) 20°C; (2) 30°C; (3) 40°C. The 
readings became stabilized after 30 min at each temperature 


could not restore the original spectrum at neutral 
pH. 


Thermal denaturation 

The magnitudes of the CD spectra in the far-ul- 
traviolet region of G,, G, and A,,,, at pH 7.5 
decreased with increasing temperature from 20°C 
to 40°C (Fig. 7). G, and G, appeared to be 
denatured slightly more than A,,,. at 40°C. Plot 
of [f] vs. temperature indicated a conforma- 
tional transition between 30° and 40°C for all 
three forms (Fig. 8). The magnitude of the elliptic- 
ities at 40°C was about 70-80% of that at 4°C; 
the plateau remained unchanged up to 70°C, 
above which G,, but not G, and A,,,., began to 
precipitate. A quick scan of the far-ultraviolet 
spectra of the three forms at 70°C revealed no 
further change in conformation above 40°C. While 
the change in CD magnitude with temperature 
was relatively small, the corresponding enzymatic 
activity dropped steeply above 30°C and reached 
zero at 40°C (not shown). 

The effect of temperature on the CD spectra of 
acetylcholinesterase in the near-ultraviolet region 
was represented by the G, form (Fig. 9). As in the 
case of pH effect (Fig. 6), the fine structure of the 
CD spectra due to Trp, Tyr and Phe that were 
present at 4°C or 20°C became less defined at 
30°C (curve 1) and the overall ellipticites between 
250 and 310 nm decreased slightly in magnitude. 
At 35°C (curve 2), the Trp band at 295 nm 
dropped to zero and the magnitude of all other 
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Fig. 8 Thermal denaturation of acetylcholinesterase in 40 mM 
sodium pyrophosphate at pH 75 G,: 0.56 mg/ml plus 10 mM 
dodecylheptaoxyethylene ether, G4: 0.24 mg/ml; A1248: 0.23 
mg/ml. The ellipticities normalized to those at 4°C were 
considered final when they were constant over a penod of 20 
mun. The broken line in the G, curve indicates precipitation 


bands was about one half of those at 4°C or 
20°C. At 40°C (curve 3), all CD bands were 
converted into a slightly positive broad spectrum. 
Thus, the change in CD of aromatic groups ap- 
peared to parallel the loss of enzymatic activity. 
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A, AM 
Fig 9 CD spectra of the globular dimer of acetylcholinesterase 
m the near-ultraviolet region at pH 7.5. Curves: (1) 30°C; (2) 
35°C; (3) 40°C. Protein concentration: 0.23 mg/ml in 40 mM 
sodium pyrophosphate plus 10 mM dodecylheptaoxyethylene 
ether (pH 7 5). 
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Urea, M 
Fig 10. Urea denaturation of acetylcholinesterase in 20 mM 
sodium phosphate at pH 7.5 and 25°C. The urea solutions of 


the enzymes (11-18 pg/m) were incubated at room tempera- 
ture for about 2 h before measurements. 


Urea denaturation 

The unfolding of acetylcholinesterase in urea 
solution was monitored by the spectral change at 
222 nm. Fig. 10 shows that all three forms began 
to unfold even at 1 M urea and the ellipticities at 
222 nm reduced sharply up to 3 M urea, followed 
by a gradual decrease at higher urea concentra- 
tions. The initial phase of denaturation was both 
protein concentration- and time-dependent. For 
instance, in 1 M urea, [0], (in deg - cm*/dmol) 
of the G, form at 0.01 mg/ml was — 10000 at 10 
min and —7900 after 24 h. This dependency of 
protein concentration can also be shown by en- 
zymatic activity. In 1 M urea the activity of G, at 
15 ug/ml decreased by 64% after 30 min and 95% 
after 24 h, but that at 150 pg/ml decreased only 
36% and 43%, respectively. At 3 M urea, the 
ellipticities fell to about 70% of that without urea 
(Fig. 10), but the enzymatic activity was lost com- 
pletely regardless of the protein concentration. 
Attempt to renature the urea-denatured acetylcho- 
linesterase either through dialysis or by dilution 
was unsuccessful. The CD spectra did not reverse 
to those of the native acetylcholinesterase and the 
enzymatic activity remained zero after the removal 
of urea. SDS-polyacrylamide gel electrophoretic 
analysis-revealed that the protein was highly ag- 
gregated in the absence of dithiothreitol, but was 
reduced to the monomer in the presence of di- 
thiothreitol. A control sample without urea treat- 
ment also showed the same degree of aggregation 
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without dithiothreitol, but it retained the en- 
zymatic activity as well as the CD spectra. 


Discussion 


The catalytic properties, polymorphism and 
histochemical localization of acetylcholinesterase 
in tissues of many animal species have been studied 
extensively (for review, see Ref. 20). The dif- 
ference in molecular forms apparently determine 
their cellular localization, and hence their action 
in cholinergic neurotransmission, but the physio- 
logical importance of the requirement for the mul- 
tiple forms of acetylcholinesterase is not under- 
stood. Accumulating evidence suggests that the 
three major acetylcholinesterase forms found in 
Torpedo [21-23] are not from the same origin; the 
dimeric acetylcholinesterase is neither the pre- 
cursor nor the breakdown product of the asym- 
metric acetylcholinesterase. This evidence is: (1) 
The globular dimer has a higher content of hydro- 
phobic amino acids than the tailed acetylcholines- 
terase and they have different peptide maps after 
trypsin, chymotrypsin and cyanogen bromide 
fragmentation [8]. (2) The globular dimer and the 
tailed acetylcholinesterase are antigenically dis- 
tinct. One line of monoclonal antibody raised 
against the mixture of the two acetylcholinesterase 
forms showed a 100-fold greater affinity for the 
globular dimer than for the tailed acetylcholin- 
esterase [6]. (3) The subunit molecular weights of 
low-salt-soluble (M, 76000), detergent-soluble (M, 
69000) and high-salt-soluble acetylcholinesterase 
(M. 72000) in T. marmorata are different. These 
isozymes exhibited different susceptibilities to- 
ward pronase [5]. (4) The molecular weight of the 
hydrophobic dimer is independent of the acryla- 
mide concentration in SDS-polyacrylamide gel 
electrophoresis, but that of the non-reduced dimer 
from the tailed acetylcholinesterase decreased with 
increasing acrylamide concentration [8]. 

In spite of these dissimilarities, our CD studies 
could not reveal any difference in the secondary 
structure between G, and G,; the far-ultraviolet 
spectra are similar in magnitude and the calcu- 
lated fractions of helix, B-form, and -turn were 
the same. Manavalan et al. [15] reported that the 
CD spectra of 11 S (G,) and 5.6 S (G,) 
acetylcholinesterase were similar to each other, 
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but the analysis of the secondary structure revealed 
4% greater antiparallel B-sheets for the 5.6 S en- 
zyme which was outside of their experimental 
error. However, our experience indicated that vari- 
ations of 4% between preparations were not un- 
common. The collagen-like tail constitutes about 
17% (by weight) of the A,, molecule, since it 
consists of twelve M, 68000 globular subunits and 
three 55000 tails. The CD spectra of the collagen- 
like tail is similar to that of an unordered form 
[16]. Thus, the ordered conformation in Aj, is 
expected to be smaller than that in G,. The calcu- 
lated fy, fp, f, and fg of A,, from those of G, 
were 0.33, 0.29, 0.03 and 0.34, respectively, which 
were close to the experimental values for A,, in 
Table II. 

All current CD analysis of protein conforma- 
tion are empirical and there is no guarantee that 
the estimated conformation of an unknown pro- 
tein will always be correct. At present the estimate 
of a-helix can be viewed with some confidence, 
but the estimates of the B-sheets and -turns still 
seem to be uncertain. The prediction of the sec- 
ondary structure from the primary structure is 
also empirical. Thus, the estimates of a-helix based 
on CD and those from the sequence methods in 
Table II must be regarded as remarkably close to 
each other, even though such agreement can still 
be fortuitous. Our fọ from CD analysis was close 
to the predicted value, but that of fy and f, were 
slightly off; the reverse was true for the CD esti- 
mates of Manavalan et al. [15]. The CD spectra in 
the near-ultraviolet region for the three forms of 
acetylcholinesterase showed some minor differ- 
ences, but the overall feature of the spectra is the 
same. This suggests that the microenvironment of 
the aromatic side-chains of these acetylcholines- 
terase forms may be slightly different from one 
another, but the overall tertiary structure is simi- 
Jar. 

Further studies revealed that the three forms of 
acetylcholinesterase have about the same stability 
against unfolding and inactivation by acid, alkali, 
high temperature or urea. The pH-ellipticity curve 
can often reveal differences in the ionizable side 
groups that are responsible for the stability of 
proteins, and thermal unfolding of proteins is a 
sensitive method for detecting isozymes and varia- 
tions in primary structures of proteins [24,25]. 


Although there were differences in peptide map- 
ping of the G, and G, acetylcholinesterase [8], no 
variations in pH-dependency, thermostability, or 
urea denaturation pattern of these acetylcholines- 
terase could be detected. One possibility is that 
the sequence difference may be in the portion that 
was not unfolded by the purturbants, or that it 
may be located at either the C- or the N-terminal 
segment that did not affect the overall conforma- 
tion of the enzyme molecule. Futerman et al. [26] 
found that one or more molecules of phosphati- 
dylinositol was covalently attached to the deter- 
gent-soluble acetylcholinesterase of T. californica. 
This lipid moiety may be responsible for anchor- 
ing the enzyme on the plasma membrane and can 
be removed by treatment with phospholipase C or 
proteinase K. More recently, Rosenberry and co- 
workers [27-29] found covalently attached fatty 
acids in the form of glycolipid at the C-terminus 
of the erythrocyte acetylcholinesterase which can 
be cleaved by papain digestion. Because of its 
hydrophobic nature [8], the low-salt-soluble G, 
probably also contains such a hydrophobic patch 
which may be responsible for differences in anti- 
genicity and peptide maps when compared with 
the G, acetylcholinesterase [6]. This hydrophobic 
patch probably did not affect the over-all confor- 
mation of the acetylcholinesterase because of its 
size and location. At present CD can only give 
macroscopic information on the overall conforma- 
tion of macromolecules. Minor substitutions in 
the primary structure or variations in the relative 
orientation of side-chains on the surface of protein 
molecules may not be detected. l 
Denaturation studies revealed several impor- 
tant facts about acetylcholinesterase. First, the 
three forms of acetyicholinesterase completely lost 
their enzymatic activities at a moderate pH (below 
5 or above 10) and a moderate temperature (above 
40°C). However, the enzyme retained more than 
70% of their secondary structure under the same 
conditions. Our sequence prediction suggests that 
the Ser residue in the binding site of acetylcholin- 
esterase is in a B-turn between two f-strands. This 
B-turn may be extruded on the surface of the 
molecule and be easily disturbed. The fact that 
acetylcholinesterase can bind many structurally 
different ligands and is‘ easily inactivated also 
supports our contention that the active site may 


be exposed. The conformational stability as re- 
flected by the retention of the double minimum of 
the CD spectra at pH 2 and 12 or at 30 and 40°C 
(Figs. 4 and 7) may well be due to the presence of 
disulfide bonds in the enzyme [30]. 

Second, the decrease in the CD magnitude 
around 295 nm due to Trp residue(s) corre- 
sponded well with the loss of the enzymatic activ- 
ity of the three acetylcholinesterase forms, suggest- 
ing that the Trp residue(s) may be close to the 
active center of the enzyme. The same conclusion 
was reached by Mooser et al. [31] and Shinitzky et 
al. [32] from their fluorescence studies. Of the 17 
Trp residues in acetylcholinesterase, none is 
sequentially close to the active Ser residue [7]. 
Therefore, the tertiary folding of the polypeptide 
chain must play an important role in the active- 
center integrity of acetylcholinesterase. 

Third, urea unfolded acetylcholinesterase more 
extensively than either at an extreme pH or at a 
high temperature. Like guanidine-HCl [33], urea 
denaturation showed two different stages with in- 
creasing urea concentration. In the first stage the 
unfolding of the acetylcholinesterase molecule was 
steep (Fig. 10) and was accompanied by a total 
loss of the enzymatic activity. This unfolding may 
correspond to that induced by pH or thermal 
denaturation. In the second stage the unfolding 
was slower and may involve muti-state inter- 
mediates. The unfolded acetylcholinesterase could 
not be renatured either through dialysis or by 
dilution of the urea-enzyme mixture. On the other 
hand, Ahmad [33] reported a complete recovery of 
both CD and absorption properties, but not the 
enzymatic activity, of the 11 S acetylcholinesterase 
after guanidine-HCl denaturation. He also found 
that the renatured protein was highly aggregated 
to form high molecular weight species. The facility 
of acetylcholinesterase to aggregate was attributed 
to the collagen tail of the asymmetric form or the 
hydrophobic surface of the globular dimer form. 
Our SDS-gel electrophoretic study indicated that 
the G, form also aggregated on storage (without 
affecting the enzymatic activity), but can be disso- 
ciated by a reducing agent such as dithiothreitol. 
A sulfhydryl group located near the active center 
of the enzyme [30] may be very reactive and 
partially responsible for the observed aggregation. 
However, the irreversible inactivation of acetyl- 
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cholinesterase after exposure to urea was not 
caused by aggregation because aggregated acetyl- 
cholinesterase did not lose its enzymatic activity. 
More likely, the inactivation was due to partial 
unfolding near the active site as shown by the CD 
spectra of the renatured acetylcholinesterase. 

In conclusion, all three acetylcholinesterases 
have a similar conformation and behave similarly 
toward pH, thermal and urea denaturation. It is 
catalytically unstable, but conformationally stable. 
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Spinach catalase (hydrogen-peroxide : hydrogen-peroxide oxidoreductase, EC 1.11.1.6) has been purified to 
homogeneity. The purified enzyme has a specific activity of 25000 units per mg protein. The presence of 
2-mercaptoethanol and phenylmethylsulfonyl fluoride (PMSF) were required for high yields of the enzyme. 
The molecular weight of the enzyme was estimated to be 125000 by gel filtration. Subunit analysis by 
polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate revealed a single peptide with 
M, 55000. The enzyme, which exhibits optical absorbance maxima at 279, 403, 542, 592 and 723 nm and 
shoulders at 290, 500 and 630 nm, contains 2 mol iron per mol protein. One of the two irons can be 
attributed to protoheme, while the other iron appears to be present in a novel heme. The oxidized catalase 


exhibited two sets of high-spin, ferriheme EPR signals. 


Introduction 


Many hemoproteins are red, but recently some 
unusual green hemoproteins have been isolated 
from a variety of sources [1-3]. These include 
peroxidase found in bovine spleen [3], which has 
an optical spectrum similar to that of myeloper- 
oxidase of polymorphonuclear leukocytes and a 
catalase found in Neurospora crassa [1]. Catalases 
(hydrogen-peroxide: hydrogen peroxide oxidore- 
ductase, EC 1.11.1.6), catalyzing ‘the decomposi- 
tion of H,O, to H,O and O,, have been purified 
and characterized from plants, bacteria and from 
mammalian liver and blood. The molecular weights 
of these catalases, usually composed of four iden- 
tical subunits, are all close to 240000. The 
erythrocyte enzyme has been shown to contain 4 


Abbreviation: PMSF, phenylmethylsulfonyl fluoride. 
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mol of protoheme per mole of enzyme as its sole 
prosthetic groups [4]. Preparations of the liver 
enzyme contain three protohemes and one verdo- 
heme [5], although it appears likely that the 
verdoheme is a degradation product [6]. The N. 
crassa catalase has a ferric dihydroporphyrin pros- 
thetic group [7]. While there have been several 
reports on the existence of higher plant catalases 
[8—13], probably located in the chloroplasts [8], 
few details are available concerning the composi- 
tion or ligand-binding properties of these plant 
enzymes. We have developed a procedure for iso- 
lating a previously undetected, green catalase from 
spinach leaves and obtained the enzyme in pure 
form. This spinach catalase has been characterized 
in terms of its subunit and prosthetic group con- 
tent and compared with other green hemoproteins. 


Materials and Methods 
Fresh leaves of spinach (Spinacia oleracea), 


grown during the 1985 growing season, were used 
as the starting material for the enzyme purifica- 
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tion. All chemicals used were of the highest purity 
commercially available. DEAE-cellulose (DE-52) 
was obtained from Whatman Ltd., Ultrogel AcA 
34 was obtained from LKB Produkter AB, PMSF 
from Sigma Chemical Co, and SDS-polyacryla- 
mide gel electrophoresis molecular weight stan- 
dards were obtained from Bio-Rad. Spinach fer- 
redoxin was prepared by the method of Tagawa 
and Arnon [14] (Aan : A277 = 0.45) and stored in 
30 mM Tris-HCl buffer (pH 8.0) at liquid N, 
temperature until used. 

Catalase activity was assayed at 20°C, essen- 
tially as described by Beer and Sizer [15]. The 
reaction mixture contained, in a total volume of 
1.5 ml, 60 mM H,O, and 50 mM potassium 
phosphate buffer (pH 6.0). The reaction was ini- 
tiated by the addition of enzyme and the change 
in absorbance at 240 nm monitored with an 
Aminco DW-2a Spectrophotometer. One unit of 
activity is defined as 1 pmol of H,O, decomposed 
per min. Protein concentration was determined by 
the method of Bradford [16], using bovine serum 
albumin as a standard. Protoheme was determined 
spectrophotometrically by the method of Taka- 
hashi and Morita [17]. The iron content of the 
enzyme was determined with o-phenanthroline 
according to Massey [18], except that 1 M HCl in 
acetone replaced trichloroacetic acid for the iron 
extraction. Ferric ammonium sulfate and spinach 
ferredoxin were used as standards. 

Absorbance spectra were measured at ambient 
temperature with a Perkin-Elmer Lambda 5 Spec- 
trophotometer. Electron paramagnetic resonance 
spectra were recorded with a Varian E-109 spec- 
trometer interfaced with a Varian/ Hewlett- 
Packard E-935 Data Acquisition system. Temper- 
ature was maintained using a modified Air Prod- 
ucts Model LTD-3-110 flexible helium transfer 
line and a temperature controller of our own 
design. Sample temperatures were measured by 
use of a chromel vs. gold + 0.07 atom% iron ther- 
mocouple positioned just below the sample. Mi- 
crowave frequency and magnetic field strength 
were measured using a EIP Microwave, Inc. Model 
331 Autohet microwave frequency counter, and 
Varian E-500 NMR Gaussmeter, respectively. 

All steps in the purification procedure were 
carried out at 0—4°C. 

Step I. Preparation of the acetone powder. 500 g 


of spinach leaves were homogenized for 2 min in a 
Waring Blendor in 500 mi of 50 mM potassium 
phosphate buffer (pH 7.5)/12.5 mM 2-mercapto- 
ethanol/200 mM NaCl/1 mM EDTA/1 mM 
PMSF. The homogenate was filtered through 
cheesecloth. To this crude homogenate was added 
cold acetone (— 20°C), and the protein precipitat- 
ing between 35 and 75% acetone (v/v) was col- 
lected by centrifugation at 10000 x g for 5 min. 
The precipitate from 50 kg of spinach was sus- 
pended in 1000 ml of 50 mM potassium phos- 
phate buffer (pH 7.5)/200 mM NaCl/12.5 mM 
2-mercaptoethanol/1 mM PMSF. The sample was 
dialyzed in Spectra/ Por 1 dialysis tubing for 48 h 
against 30 liters of the same buffer with six changes 
of dialysis buffer. After dialysis, insoluble material 
was removed by centrifugation. 

Step II. DEAE-cellulose column chromatogra- 
phy. The sample was redialyzed against 50 mM 
potassium phosphate buffer (pH 7.5)/50 mM 
NaCl /12.5 mM 2-mercaptoethanol and applied to 
a DEAE-cellulose column (8 xX 90 cm) previously 
equilibrated with the same buffer. The green frac- 
tions were collected and concentrated by precipi- 
tation with 70% saturated ammonium sulfate. The 
precipitated catalase was dissolved in a minimum 
volume of 50 mM potassium phosphate buffer 
(PH 7.5)/200 mM NaCl/12.5 mM 2-mercapto- 
ethanol and dialyzed against the same buffer. 

Step TI. Ultrogel AcA chromatography. 35 ml 
aliquots of the dialyzed enzyme were applied to an 
Ultrogel AcA 34 column (4 x90 cm) that had 
been previously equilibrated with the dialyzing 
buffer. Those fractions exhibiting high specific 
activity in the catalase assay were combined, con- 
centrated by ammonium sulfate precipitation as 
above and dialyzed against 50 mM Tris-HCl (pH 
7.5)/12.5 mM 2-mercaptoethanol. 

Step IV. Additional chromatography. The 
dialyzed solution was passed through a DEAE-cel- 
lulose column (4 X 70 cm) that had been previ- 
ously equilibrated with dialyzing buffer. Elution 
was performed and fractions with high specific 
catalase activity concentrated as in step II. The 
sample was dialyzed, applied to an Ultrogel AcA 
34 column (2 X 100 cm) equilibrated with the di- 
alyzing buffer and chromatography conducted as 
in step III. The high specific catalase activity 
fractions were combined and concentrated by 


membrane filtration with an Amicon PM-10 mem- 
brane (molecular weight exclusion limit: 10000). 


Results 


Typical results from a purification using 50 kg 
of spinach leaves are summarized in Table I. The 
final catalase preparation obtained with the pre- 
sent purification protocol showed a specific activ- 
ity approx. 35-times higher than that reported by 
Gregory [10] for spinach catalase. The overall 
yield of pure enzyme was 45%. High ionic strength 
and the presence of 2-mercaptoethanol and PMSF 
were necessary in order to obtain such high yields. 
For example, if PMSF was omitted from the ini- 
tial extraction medium, an overall yield of only 1% 
was obtained. No additional protection was ob- 
tained by including PMSF in the subsequent chro- 
matography steps. Omission of 2-mercaptoethanol 
from all buffers used during the extraction and 
purification steps had no effect on the absorbance 
spectrum of the purified enzyme but reduced the 
overall yield approx. 5-fold. Eliminating NaCl 
from the extraction buffer had no effect on the 
absorbance spectrum or catalytic activity of the 
purified catalase but also significantly reduced its 
yield. The purified enzyme showed a single pro- 
tein band upon electrophoresis on a 7.5% poly- 
acrylamide gel at pH 8.3 using the method of 
Davis [19]. The pH optimum of the purified en- 
zyme’s catalase activity was 6.0, with little activity 
detected above pH 9.0 or below pH 4.5. Fig. 1 
shows the effect of varying [H,O,] concentration 
on the rate of the catalase-catalyzed reaction. This 
data did not give a good fit to the Michaelis- 
Menten equation and a Hill plot [20] showed a 
Hill coefficient of 2.3 (data not shown), indicating 
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the possibility of positive cooperativity. The en- 
zyme was inhibited by cyanide (complete inhibi- 
tion at 1.7 M KCN), azide (complete inhibition 
at 33 M NaN;), formate (93% inhibition at 6.7 
mM NaOOCH) and fluoride (83% inhibition at 33 
mM NaF). 

The molecular weight of the spinach catalase 
under non-denaturing conditions was determined 
to be 125000 by gel-filtration on an Ultrogel AcA 
34 column, using a modification of the method of 
Andrews [21]. The enzyme exhibited a single pro- 
tein band, after SDS-polyacrylamide gel electro- 
phoresis and staining with Coomassie brilliant 
blue, corresponding to a molecular weight [22] of 
55000. As the molecular weight of the native 
enzyme appears to be near 125 000, it is likely that 
the enzyme consists of two subunits that are either 
identical or of very similar molecular weight. The 
molecular weight value determined for the native 
enzyme in this study is considerably lower than 
the M_= 300000 value reported for spinach cata- 
lase by Gregory [10]. The results of chemical 
analyses of three different catalase preparations 
showed the presence of 2 mol (2.04 + 0.12) of total 
iron per mo of enzyme. (Extraction of iron from 
spinach catalase proved to be quite difficult. Even 
upon addition of 20% (w/v) trichloroacetic acid, 
very little iron was released (0.20 + 0.03 mol per 
enzyme molecule). However, as described in 
materials and Methods, 1 M HCl in acetone was 
able to completely extract the iron.) Analysis for 
metals other than Fe was not performed. Pyridine 
hemochromogen analysis indicated the presence of 
1 mol (0.96 + 0.06) of protoheme per mol of cata- 
Jase. 

The absorbance spectrum of the native enzyme 
in the oxidized state is shown in Fig. 2, Maxima 


SUMMARY OF THE PURIFICATION OF CATALASE FROM 50 kg OF SPINACH LEAVES 


Fractions Total Volume Total Specific A3: Anny Yield 
protein (ml) activity activity (%) 
(mg) (units x 1073) (units/mg protein) 

Acetone (35-75%) 30 446 1725 16914 556 — 100 

lst DEAE-cellulose 11160 360 15136 1356 ~ 90 

Ist Ultrogel AcA 34 1285 50 13531 10527 04 80 

2nd DEAE-cellulose 696 20 10994 15790 06 65 

2nd Ultrogel AcA 34 304 5 7611 25004 0.95 45 
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Activity (Units) 
on 


10 20 30 40 50 60 
[H,O,] mM 
Fig 1 Effect of H,O, concentration on spinach catalase. The 
enzyme assay was conducted as described ın the Materials and 
methods section except that [H,O,] was varied as indicated on 
the abscissa 


were found at 279, 403, 542, 592 and 723 nm with 
shoulders at 290, 500 and 630 nm. The ratios of 
the absorbance at 403 to 279 nm and 592 to 403 
nm were 0.95 and 0.25, respectively. This spec- 
trum differs from those reported by Galston et al. 
[9] and Gregory [10] for spinach catalase, Yama- 
guchi and Nishiyama [13] for pumpkin catalase or 
Esaka and Asahi [11] for sweet potato catalase, 
but is very similar to that reported by Jacob and 
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Orme-Johnson [1] for Neurospora crassa catalase. 
Prolonged exposure of the enzyme to 1 mM H,O, 
had no effect on the visible absorbance spectrum, 
iron and protoheme content or specific activity of 
the enzyme. Treatment of the native enzyme with 
sodium dihtionite did not cause any spectral 
changes, a result which is characteristic of other 
catalases [1,23]. It should be noted (see below) 
that sodium dithionite is apparently able to reduce 
the enzyme in very basic solution (pH = 13.5). 
From the spectral properties of the enzyme and 
the chemical composition data, it appeared likely 
that the enzyme contained a second heme species 
in addition to protoheme. Evidence supporting 
this possibility was obtained during pyridine he- 
mochromogen analysis of the enzyme for proto- 
heme. As can be seen in Fig. 3, addition of di- 
thionite to spinach catalase dissolved in pyridine / 
NaOH resulted in the appearance of absorbance 
bands at 608 and 658 nm in addition to that at 
557 nm due to protoheme [17]. In an attempt to 
characterize their chemical nature further, the 
heme prosthetic groups of spinach catalase were 
extracted by treatment of enzyme with 9 vol. of 
acetone containing 0.1 M HCI at 0°C. After 
centrifugation to remove denatured protein, the 
supernatant was concentrated under a stream of 
N, in the dark. On addition of pyridine/ NaOH 
to the extract and reduction with sodium di- 
thionite, absorbance maxima to 420, 480, 524, 557 


Fig. 2. Absorbance spectrum of spinach 
catalase The sample cuvette contained 10 
pM enzyme in 50 mM Tris-HCI buffer (pH 


700 7.5) and the reference cuvette contained only 


buffer. 
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Fig 3. Difference spectrum of the pyridine hemochromogen 
derivative of spinach catalase. The sample and reference 
cuvettes contained 10 pM enzyme in 25% (v/v) pyridine /0.25 
M NaOH. After an absorbance baseline was recorded, a few 
crystals of sodium dithionite were added to the sample cuvette 
and the difference spectrum measured. 


and 612 nm with a shoulder at 650 nm were 
observed (data not shown). If protoheme were the 
only component present, only maxima at 420, 524 
and 557 nm would be expected [17]. No contribu- 
tions from heme a, heme d or siroheme were 
detected. The possible presence of a second heme, 
chemically distinct from protoheme, in spinach 
catalase was also supported by the spectral char- 
acteristics of the enzyme-CO adduct in alkaline 
solution. The absorbance difference spectrum of 
the enzyme-CO complex in 0.25 M NaOH solu- 
tion with sodium dithionite present to reduce the 
enzyme is shown in Fig. 4. The difference spec- 
trum exhibits absorbance maxima at 426, 572 and 
624 nm and minima at 404, 504, 596 and 650 nm. 
The maximum at 572 nm can be attributed to the 
CO-adduct of protoheme [24], while the maximum 
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Fig. 4. CO-difference spectrum of spinach catalase ın alkaline 
solution. A 10 uM enzyme solution in 025 M NaOH in a 
Thunberg cuvette was reduced with sodium dithionite and 
exposed to CO for 15 min. The difference spectrum was 
recorded using a reference cuvette containing an identical 
reduced enzyme sample that had not been exposed to CO. 
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Fig. 5. Difference spectra of spinach catalase complexes with 
cyanide and azide. The sample cuvette contained 10 uM 
spinach catalase in 50 mM Tris-HCl buffer (pH 7.5) plus either 
0.1 mM KCN (A) or 0.1 mM NaN; (B). The reference cuvette 
contained an identical enzyme solution but neither KCN nor 
NaN3. In spectrum A, the absorbance scale was altered for 
wavelengths above 500 nm In spectrum B, the same ab- 
sorbance scale was used throughout. 
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Fig 6. EPR spectrum of spinach catalase. The sample con- 
tained 1 mM catalase in 50 mM Tris-HCl (pH 75) EPR 
conditions: Microwave frequency, 9.152 GHz; Modulation 
frequency, 100 kHz; Modulation amplitude, 8 G; Temperature, 
13 K 


at 624 nm is similar to that reported for verdo- 
heme [5,24]. 

Fig. 5A and B show the difference spectra 
resulting from formation of complexes between 
the oxidized enzyme and cyanide or azide, respec- 
tively. The addition -of cyanide to the enzyme 
resulted in a shift in the Soret absorbance maxi- 
mum from 403 tọ 421 nm, the disappearance of 
the peaks at 592 and 723 nm and the appearance 
of peaks at 572 and 665 nm. These spectral changes 
are similar to those reported for N. crassa catalase 
[7]. Addition of azide shifted the Soret band maxi- 
: mum from 403 to 406 nm, caused shifts in other 
maxima from 592 to 587 nm and from 723 to 710 
nm and resulted in the disappearance of the peak 
at 540 nm. 

EPR analysis of the oxidized spinach catalase 
supports the presence of two different heme groups 
in the enzyme. The data (Fig. 6), obtained at pH 
7.5, indicate the presence of two overlapping sets 
.of rhombic, high-spin ferriheme signals. Spinach 
catalase also showed weak low-spin heme signals 
with apparent g values of 2.33, 2.24 and 1.78. In 
addition, a minor component at g= 8.51, similar 
to that previously reported for other catalases [25], 
was detected. Addition of sodium dithionite caused 
no changes in the EPR spectrum of the enzyme at 


pH 7.5 (data not shown), consistent with optical 
data indicating that dithionite does not reduce the 
enzyme at this pH. 


Discussion 


Although catalase has been known to be pre- 
sent in spinach leaves for some time [9,10] and has 
been prepared in crystalline form, relatively few 
details were available concerning its ligand-bind- 
ing properties or the nature of its prosthetic groups. 
We have therefore undertaken to establish the 
molecular properties of spinach catalase. To ac- 
complish this purpose, it was necessary to develop 
an improved purification protocol for the enzyme. 
As the inclusion of PMSF in the extraction 
medium proved essential for achieving high yields 
of spinach catalase, it would appear that the en- 
zyme is particularly susceptible to attack by pro- 
temase(s). PMSF has also been reported to protect 
the N. crassa catalase against proteolysis [1]. In 
the present study, it was also shown that the 
presence of 2-mercaptoethanol is essential for high 
yields of spinach catalase. The molecular weight 
(125 000) and the optical absorbance spectrum of 
the spinach catalase described in this report are 
quire different from those reported [9,10] for the 
tetrameric (M, = 300000) catalase that contains 
protoheme as its sole heme prosthetic group. It 
may be possible that spinach leaves contain more 
than one catalase. In fact, during some prepara- 
tions we have detected a catalase with spectral 
properties similar to those previously described in 
addition to the green catalase. The green catalase 
described in this work may have escaped detection 
in the earlier work, in which neither proteinase 
inhibitors nor 2-mercaptoethanol were used, be- 
cause it was lost to proteolysis during the isolation 
and purification [9,10]. 

The spinach catalase described in this work, 
although having a considerably lower molecular 
weight than that reported for other catalases, does 
resemble other catalases from mammalian, plant 
and bacterial sources in subunit molecular weight 
and the presence of protoheme as a prosthetic 
group [1,2,4,10-13,22,23,26—31]. However, our 
spectral data and pyridine hemochromogen 
analyses clearly indicate the presence, in spinach 
catalase, of an additional iron-containing pros- 


thetic group that differs from protoheme. The 
observation of two sets of high-spin ferriheme 
signals in the EPR spectrum of the oxidized en- 
zyme (Fig. 6) and the Hill coefficient of 2.3 calcu- 
lated from kinetic data, while not proving the 
existence of two chemically different heme groups 
in the enzyme, are consistent with the presence of 
two heme groups. 

Some spectral properties of spinach catalase 
suggested that the second heme might be verdo- 
heme or a related compound. Lemberg and Legge 
[5] assigned the absorbance band at 630 nm in the 
spectrum of the CO complex of horse liver cata- 
lase in 0.25 M NaOH to verdoheme and the 
spectrum of the- spinach catalase-CO complex in 
strongly alkaline solution contains a similar fea- 
ture (Fig. 4). However, Lemberg [24] has shown 
that the pyridine hemochromogen: of verdoheme 
has an absorbance maximum at 662 nm, while 
that of spinach catalase is at 608 nm (Fig. 3). It is 
difficult to reconcile this discrepancy with the 
presence of verdoheme in spinach catalase. It 
should also be pointed out that the spinach cata- 
lase characterized in this work shows considerable 
spectral resemblance to the N. crassa catalase, an 
enzyme that contains an iron-dihydroporphyrin 
(iron-chlorin) prosthetic group [1,7]. The pyridine 
hemochromogen of the N. crassa enzyme [1] ex- 
hibits an absorbance maximum at 602 nm, similar 
to that at 608 nm observed with the spinach 
enzyme (Fig. 3). However, no spectral feature at 
658 nm, observed with spinach catalase (Fig. 3), 
was seen with the pyridine hemochromogen of N. 
crassa enzyme. 

It has been reported that the verdoheme found 
in liver catalase is an artifact arising from the 
oxidation of the enzyme’s normal protoheme pros- 
thetic group [6]. A similar situation may exist with 
respect to the novel heme present in spinach cata- 
lase. This possibility merits particular attention 
because of the use of 2-mercaptoethanol in our 
purification protocol, since verdoheme can result 
from the coupled oxidation of protoheme and an 
added reductant by O, [6]. However, we have 
found that catalase prepared in the absence of 
2-mercapto-ethanol has the same absorbance spec- 
trum shown in Fig. 3. It has also been proposed 
[6} that the verdoheme of hepatic catalase may 
arise from the oxidation of protoheme by H,O,. 
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However, the constant stoichiometry of 1.0 mol of 
novel heme per mol of enzyme observed in three 
different enzyme preparations and the fact that 
prolonged exposure of the catalase to H,O, al- 
tered neither the absorbance spectrum nor the 
protoheme content of the enzyme argue against 
the novel heme’s arising from the degradation of 
protoheme by H,O,. While it is certainly possible 
that the novel heme may arise from an extremely 
rapid, undetected degradation process, it is also 
possible that the spinach catalase characterized in 
this work may contain, as a natural constituent, a 
novel heme in addition to protoheme. Further 
chemical characterization studies of the second 
heme are clearly required before its identity can be 
definitively established. Such studies, and studies 
on the relationship between this catalase and the 
previously characterized spinach catalase, are cur- 
rently underway in our laboratory. 
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The amphiphilic character of different plasma apolipoproteins was investigated by a combination of 
established hydrophobicity analysis methods. These methods proved to be powerful in the detection of 
amphiphilic phospholipid-binding domains. Within this class of lipid-binding domains, lecithin—cholesterol 
acyltransferase activating and non-activating helices could be differentiated by calculating hydrophobic 
moments at different angles. We conclude that the hydrophobic characteristics of the different helices 
determined the mode of lipid binding and the substrate properties of these phospholipid-protein complexes 


for the lecithin—cholesterol acyltransferase reaction. 


Introduction 


Amphiphilic segments have been detected in 
the secondary structure of many proteins [1] and 
this feature seems to be clearly present in the 
plasma apolipoproteins [2]. These soluble plasma 
proteins, most of which have been sequenced, 
have several functions such as transport of lipids 
in the form of lipoproteins, the activation of lipo- 
lytic enzymes and the interaction with cellular 
receptors (for reviews, see Refs. 3 and 4). 

The amphiphilicity of a protein segment can be 
expressed in terms of its hydrophobic moment as 
proposed by Eisenberg and co-workers [5~7]. This 
parameter can yield information about the protein 
secondary structure or can be used to classify 
helices into several groups such as membrane- 
spanning, surface-seeking and globular helices [5]. 


Correspondence: Dr. H. De Loof, Department of Chmcal 
Biochemistry, A Z St-Jan, 8000 Brugge, Belgium. 


We have recently applied this type of analysis to 
predict recepetor-binding domains in the apolipo- 
protein E protein and their complementary do- 
mains of the LDL apolipoprotein (B-E) receptor 
[8]. 

Each of the plasma apolipoproteins contains 
several amphiphilic helices, to which lipid-binding 
and other physiological functions, such as enzyme 
activation, have been attributed (for reviews see 
Refs. 4 and 9). There is, however, no theoretical 
method available to distinguish between the dif- 
ferent helcal segments in apolipoproteins or to 
assign specific functions to some of them. The 
purpose of this work was to calculate the hydro- 
phobic moment of several protein segments in 
apolipoproteins and to propose a differentiation 
between such helical segments, in relationship to 
their activation properties for the enzyme leci- 
thin—cholesterol acyltransferase (phosphati- 
dylcholine:sterol O-acyltransferase, EC 2.3.1.43). 

The validity of this theoretical approach will be 
established through a comparison of the predicted 
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domains with those identified experimentally using 
either native apolipoproteins, apolipoprotein frag- 
ments, or synthetic model peptides. 

During the preparation of this manuscript a 
similar methodology was used by Von Heijne [10] 
for the characterization of structural features of 
mitochondrial targeting sequences and of the lipid 
binding events during the membrane translocation 
of these sequences. 


Methods 


The hydrophobic moment of a protein segment 
was calculated according to the procedure of Ei- 
senberg et al. [5] using the following equation 
(Eqn. 1). 


1/2 


t+ta-l 2 tta~l 2 
m- (E mane) h E nome) o 


where uy is the hydrophobic moment calculated 
at an angle 6, H, is the hydrophobicity of residue 
i and n is the total segment-length used in the 
calculations. As the hydrophobic moment is a 
function of the periodicity in the protein structure, 
this parameter was calculated assuming different 
values for the angle 6 at which the side chains 
emerge from the backbone, when the periodic 
segment is viewed down its axis. By varying 6, the 
secondary structure of the segment in question 
can be thoroughly investigated. This angle can 
assume any value from 0°, for a helix with an 
infinite repeat, to 180° for a straight segment of 
beta-sheet structure. For an alpha helix this angle 
is 100°, while for an average strand of beta struc- 
ture it is expected to be in the range 160° to 180°, 
not exactly 180° because of the tendency of this 
kind of structure to twist [11]. This can be visual- 
ized in a plot of the hydrophobic moment of the 
periodic segment as a function of the angle used 
for the calculations [4]. 

An additional method was proposed by Finer- 
Moore and Stroud [12], in which hydrophobic 
moments were calculated, at all angles, for a 
window moving through the amino acid sequence. 
A slightly modified version of this method was 
programmed using Eqn. 1. These results were 
plotted as a function of the midpoint of the seg- 
ment used in the calculation. Moreover we devel- 


oped an additional procedure consisting in the 
averaging of the calculations made on the moving 
window. The average of the hydrophobic moments 
of the consecutive segments was plotted as a func- 
tion of the angle used for the calculation of the 
hydrophobic moment. 

Most hydrophobicity analysis calculations are 
carried out using an arbitrary segment length 
[5,13,14]. We selected the segment length by 
calculating the values of the following equation 
(Eqn. 2), a clear indicator of the autocorrelation 
and repetitivity of the sequences. 


r=m-ntifjiitn~t itn 
uA LA, 
1 =] 1 it] 
A i á 2 
E mæn (2) 


H, is the hydrophobicity of residue :, n is the 
segment length and m is the total sequence length. 
These data were compared to those obtained from 
100 random permutations of the same sequence in 
order to calculate an S.D. factor [15]. This value 
corresponds to the number of standard deviations 
from the actual value to the mean of the random 
permutations. 

The frequently used normalized ‘consensus’ hy- 
drophobicity scale, developed by Eisenberg [6], 
was used in all calculations. Therefore hydro- 
phobicity values are expressed in arbitrary units, 
and hydrophobic moments are plotted on an arbi- 
trary scale in Figs. 3-7. 


Results 


Selection of the most adequate segment length 

The S.D. factors obtained for different apolipo- 
proteins with different segment lengths are shown 
in Fig. 1. Two distinct minima of the S.D. factor 
were obtained for segment lengths of 11 and 22 
residues. These minima together with those de- 
tected at 4, 7, 14 and 18 residues reflect the high 
alpha-helix content of these apolipoproteins, in 
agreement with circular dichroism measurements 
and the Chou and Fasman analysis [4,16]. As a 
highly negative S.D. value is the reflection of 
lower noise in the hydrophobicity plots and in 
view of the importance of the 11 residue-long 





Fig. 1. S.D values of the results obtained with Eqn 2 com- 
pared to the values obtained by compiling a distribution of 
results of 100 random permutations of the same sequences [15]. 
An S.D. value of —6, for example, corresponds to a probabil- 
ity of random occurrence of 1:10~?, based on a normal 
distribution. Values for apolipoproteins A-I (—~-———), E 
(+-+ +), and A-IV (— — —) are shown for a segment length 
of 2 to 31 residues. (Sequences are taken from Refs. 3 and 18.) 


repeats present in nearly all apolipoproteins 
{17—21] we used an 11-residue segment length in 
all calculations. 


Lipid-binding properties of apolipoproteins 

The method described above could easily be 
applied to the detection of amphiphilic helices 
within the apolipoprotein sequences. As these 
amphiphilic helices are supposed to be involved in 
lipid-binding, we compared the results of the mod- 
ified Finer-Moore plots to the experimental data 
reported in the literature [4,9]. - 

An example of such a plot is shown in Fig. 2A 
for apolipoprotein A-II. The existence of two 
lipid-binding domains in apolipoprotein A-II was 
documented from experiments with synthetic 
peptides [4,9,22]. One domain is located in the 
NH,-terminal region, around residues 12-31, while 
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the second domain encompassing residues 50-58 
lies in the COOH-terminal region of the protein. 
The modified Finer-Moore plot for apolipoprotein 
A-II shows two pronounced maxima at an angle 
of 100°, which match exactly the two lipid-bind- 
ing domains detected experimentally. It is striking 
that these two regions contain only one distinct 
maximum around 100°, to the exclusion of any 
other angle. 

A plot of the hydrophobic moment at 100° 
versus the mean hydrophobicity for all apolipo- 
protein A-IJ segments is shown in Fig. 3. This 
classical Eisenberg [5] plot is characterized by the 
appearance of a cluster of several helices with a 
high hydrophobic moment and a relatively high 
mean hydrophobicity value, which correspond to 
the helices responsible for phospholipid binding. 
According to their relative position on this plot 
and the nomenclature used by Eisenberg et al. [5] 
these helices should be classified as ‘surface-seek- 
ing’ helices. 

Some of these features were also shared by the 
hydrophobicity profiles of other small apolipopro- 
teins in which phospholipid-binding domains have 
been identified experimentally. There is evidence 
that residues 45-55 of apolipoprotein C-II are 
involved in phospholipid binding and activation 
of lipoprotein lipase at high phospholipid packing 
[4,9,23,24]. On the modified Finer-Moore plot (Fig. 
2B) this region shows a maximum around 100°. In 
another small apolipoprotein, C-I, residues 16-32 
have been implicated in phospholipid binding [4,9] 
and the hydrophobicity profile of this protein 
domain shows again a maximum at an angle of 
100° (Fig. 2C). 


Activation properties of apolipoproteins for the leci- 
thin—cholesterol acyltransferase enzyme 
Lecithin—cholesterol acyltransferase (EC 
2.3.1.43) is the enzyme responsible for cholesterol 
esterification in serum (for a review see Ref. 25). 
High-density lipoproteins (HDL) are its natural 
substrate, and several HDL apolipoproteins have 
activator properties towards this enzyme, though 
each of them to a different extent [26,27]. Human 
apolipoprotein A-I is the most efficient activator, 
followed by apolipoproteins A-IV, C-I and E 
[26-30]. Apolipoproteins C-II and C-III are only 
minor activators, whereas apolipoprotein A-II does 
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Enzyme activation was demonstrated in vitro, 
A plot of the average of all hydrophobic mo- 
ments per 1l-residue segments of the polypeptide 
is shown in Fig. 4 for human apolipoproteins A-I, 
A-II and A-IV. All three proteins bind phos- 
pholipids to form complexes [35,36] and have a 


tor than human A-I in vitro, for both the human 
with both apolipoprotein fragments and synthetic 


and the rat enzyme. 
ase activation have not been clearly defined yet. A 
correlation between the experimental data availa- 


ble and the hydrophobicity analysis of these se- 


quences was sought. 
corresponding to an amphiphilic helical structure, 


as described above for apolipoprotein A-II. How- 
ever, in the plots of human apolipoproteins A-I 


and A-IV, a second maximum of similar magni- 
tude appears at an angle of 160-170°. Although 


peptides. These peptides were either identical to 
apolipoprotein segments or designed to form 
amphiphilic helical structures [4,9]. The structural 
requirements for lecithin—cholesterol acyltransfer- 


vivo in the rat [31]. According to a recent report 
[32], rat apolipoprotein A-I is a less potent activa- 


pronounced maximum at an angle of about 100°, 
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increasing values of the hydrophobic moment These hydrophobic moments are plotted for different angles (x-axis) as a function of 


Fig 2 Modified Finer-Moore plot of human apohpoproteins A-II (A), C-II (B) and C-I (©) The increasing dot size corresponds to 
the midpoint of the segments used ( y-axis) (Sequences are taken from Ref 3.) 


not activate the enzyme, but rather inhibits the 


effect of A-I [27-29]. The enzyme activation seems 
A-IV appears to be a very important activator in 


identified as being involved in lipid binding are situated within 
the encircled region, a region that, according to Eisenberg, 


Fig 3. Eisenberg [5] plot for apolipoprotein A-II. All segments 
contains the surface-seeking helices. 





partially species-dependent, as apolipoprotein 


Fig. 4. Average of the modified Finer-Moore hydrophobicity 
plot [11] for human apolipoproteins A-I ( ), A-II (— 
— —) and A-IV (- -- -). The human sequences are taken 
from Refs 3 and 18. 


such a maximum is mostly related: to amphiphilic 
beta-sheet structures, Eisenberg et al. [7] have 
already noted the appearance of extra peaks, be- 
sides the one at 100°, in the profiles of some 
helices, It is important to note that in apolipopro- 
tein A-II, which has no activator properties, this 
extra peak is very weak, while the peak at 100° is 
realtively more important. 

A detailed analysis of the hydrophobic moment 
along the human apolipoprotein A-I sequence fur- 
ther confirmed the relationship between hydro- 
phobicity profiles and lecithin—cholesterol acyl- 
transferase activation properties. Using synthetic 
lipid-binding peptides, Sparrow and Gotto [4] re- 
ported a negligible lecithin—cholesterol acyltrans- 
ferase activation by the COOH-terminal frag- 
ments of apolipoprotein A-I compared to frag- 
ments situated between residue 145-185. The 
average hydrophobicity profiles of these fragments 
are shown in Fig. 5. These sequences are much 
shorter and consequently they have a more de- 
tailed pattern. The absence of a maximum around 
160° for the non-activating compared to the 
activating peptides is, however, very clear. It is 
interesting to note that an increase of the activator 
capacity is accompanied by a concomitant in- 
crease of the maximum at 160~170°. 

A decreased maximum at 160-170° and an 
increased maximum at 100° corresponding to a 
different activator capacity [32] was also observed 
in a comparison of four repetitive segments of 
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Fig. 5. Hydrophobicity profile (as in Fig 4.) for different 
lipid-binding synthetic fragments of apolipoproteins A-I, de- 
scribed by Sparrow and Gotto [4]. (A) Four lecithin—cholester- 
ol acyltransferase-activating peptides: 145-185 (— — —), 
148-185 (------ J, 152-185 (—— -—--— ), 157-185 (——_) 
with respectively 24%, 19%, 6% and 8% of the activating 
capacity of apolipoprotein A-I. (B) Lipid-binding non-activat- 
ing peptides situated at the COOH-terminal end of apolipopro- 
tein A-I: 197~245 (~~~), 204-245 (- - - - - — -}, 213-245 
(---- +), 220-245 (m e me e —). 


human apolipoprotein A-I (Fig. 6A), located be- 
tween residues 99 and 187, with the corresponding 
residues in the rat apolipoprotein A-I sequence. 
The available experimental data [4,9,34,37] to- 
gether with the detailed hydrophobicity analysis of 
apolipoprotein A-I therefore suggest that the 
activator properties are located in four repetitive 
helical segments between residues 99 and 187. 

The same calculations were also carried out for 
the apolipoprotein C sequences (Fig. 6B). In apoli- 
poprotein C-I, a long-known activator of leci- 
thin—cholesterol acyltransferase [26], the maxi- 
mum at 160° is similar to that in apolipoprotein 
A-I, whereas it is virtually absent in C-II and 
C-III, which are less potent lecithin—cholesterol 
acyltransferase activators. The hydrophobicity 
profile of apolipoprotein E also shows a maximum 
at an angle between 160° and 180°, in accordance 
with the recently reported [29,30] activator proper- 
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Fig 6 (A) Hydrophobicity profile (as in Fig. 4.) of four 
22-residue-long repeats (residues 99—187) of human apohpo- 
protein A-I ( ) and the corresponding region of rat 
apolipoprotein A-I (- - - - - - ). The sequence of rat A-I is taken 
from Ref. 19. (B) Hydrophobicity profile (as in Fig. 4) for 
apolipoproteins C-I ( ), CI (------ ) and C-HI 


ties of apolipoprotein E (data not shown). 

An additional test of our theoretical approach 
lies in an analysis of the synthetic ‘model’ peptides 
designed for their lipid-binding properties, and 
which also have the ability to activate lecithin- 
cholesterol acyltransferase. The hydrophobicity 
profiles of two such peptides, LAP-20 described 
by Pownall et al. [33], and the one described by 
Yokoyama et al. [38], are shown in Fig. 7A to- 
gether with the profile of a 20-residue-long seg- 
ment of apolipoprotein A-II (residues 51-70) 
located in a lipid-binding domain. An Edmundson 
wheel representation [1] of these peptides and the 
20-residue-long segment of apolipoprotein A-H 
(residues 51—70) are given in Fig. 8. 

Although the hydrophobicity profiles of the 
two model peptides have peaks of different magni- 
tude, their overall shape is the same and both 
show the appearance of a peak at 160°. In con- 
trast, the lipid-binding segment of apolipoprotein 
A-II lacks the peak around 160°. Extra peaks in 
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Fig. 7. A. Hydrophobicity profile (as in Fig 4) of two syn- 
thetic lipid-binding peptides: LAP-20 (- - - - - - ) described by 
Pownall et al. [33], and the docosapeptide described by 
Yokoyama et al. [38] (--- -- ), together with a lipid-binding 
domain of apohpoprotein A-II ( } (residues 51~70) 
B. Example of the effect of residue modification on the hydro- 
phobicity profiles: lipid-binding domain of apolipoprotein A-I 
(residues 51-70) ( } and modified (as shown in Fig. 
a=) 


addition to the one at 100° were also observed, in 
isolated helical fragments, by Eisenberg et al. [7], 
who did not provide a clear interpretation of this 
phenomenon. We observed that strongly hydro- 
philic residues, at the edges of the apolar face of 
the helix, and less polar residues, in the hydro- 
philic side of the helix, affect the balance between 
the hydrophilic and hydrophobic sides of the 
amphiphilic helices and generate the extra peak 
around 160°. Such residues in apolipoprotein A-I 
for example are Lys-133 and -140 and Ala-124, 
-154 and -176, respectively. Recently the experi- 
mental modification of lysine residues of apolipo- 
protein A-I has been shown to affect the lecithin- 
cholesterol acyltransferase activation properties of 
this protein [39]. The importance of the hydro- 
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Fig. 8. Edmundson wheel representation [1] of the three 
amphiphilic peptides described in the text. The helices are 
superimposed on each other in order to oment their hydro- 
phobic surfaces toward the same side of the figure. The num- 
bering of the peptides is in the following order’ LAP-20 
described by Pownall et al. [33]; the peptide descnbed by 
Yokoyama et al. [38] and in last position the apolipoprotein 
A-IT segment (residues 51-70) with its modifications as indi- 
cated by arrows. The NH.-terminal ends of the peptides are 
shown as closed circles The LAP-20 peptide begins at the left 
side of the figure, the other two begin at the nght side of the 
figure. Amino acids are shown in the single letter code which 
translates to the three letter code as follows: A, Ala; C, Cys, D, 
Asp; E, Glu; F, Phe; G, Gly, H, His; I, He; K, Lys; L, Leu; M, 
Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; 
W, Trp; Y, Tyr 


philic residues at the boundary of the hydrophobic 
side of the helix and of less-polar residues in the 
hydrophilic part of the helix can also be demon- 
strated by making changes in the segment (re- 
sidues 51 to 70) of the non-activating apolipopro- 
tein A-II. An example of such changes is shown in 
Fig. 8 and the effects of these changes on the 
hydrophobicity profile are shown in Fig. 7B. For 
example, the Leu —> Lys substitution at position 
52 and the Val-61 —> Arg, Asn-62 — Ala, Val-68 
— Lys substitutions are able to transform the 
pattern of a lipid-binding fragment into the pat- 
tern of a lecithin—cholesterol acyltransferase- 
activating fragment such as LAP-20. 


Discussion 


In this paper we applied hydrophobic moment 
calculations to detect lipid-binding fragments in 
apolipoproteins and proposed a new theoretical 
approach to differentiate between helical segments 
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of apolipoproteins. We have shown that the analy- 
sis of the helical hydrophobic moment and the 
calculation of the hydrophobic moment at various 
angles can lead to the recognition of different 
types of helices and to a better understanding of 
the correlation between structure and function of 
these protein domains. 

Segments with a high helical hydrophobic mo- 
ment and a single maximum at 100° in the mod- 
ified Finer-Moore plot were present in apolipo- 
protein A-II, corresponding to the experimentally 
identified lipid-binding domains of this protein. 
Experimentally determined lipid-binding domains 
could also be localized, by the hydrophobicity 
analysis in the sequences of apolipoproteins C-III 
and C-I, 

In other apolipoproteins, human and rat A-I, as 
well as in C-I, A-IV and E, there is a maximum at 
100° and an extra maximum at 160° in the hydro- 
phobicity profiles. Moreover there was a clear 
relationship between the intensity of the peaks 
around 100° and 160° and the relative degree of 
lecithin—cholesterol acyltransferase activation of 
the different proteins and peptides. This correla- 
tion also holds for apolipoprotein A-I of different 
species, such as human and rat. 

The appearance of two peaks in the hydro- 
phobicity profiles of synthetic model peptides also 
correlates with their lipid-binding and lecithin- 
cholesterol acyltransferase activation properties. 
Previous reports attempted to define the require- 
ments necessary for lipid binding, based on the 
calculation of the mean hydrophobicity [9]. Al- 
though such calculations can yield interesting in- 
formation they are critically dependent on the 
hydrophobicity scale used, and do not allow a 
clear classification, differentiation or delimitation 
of the different domains. 

Our results suggest that amphiphilic lipid-bind- 
ing helices in apolipoproteins can be separated 
into two types: helices whose hydrophobicity pro- 
file has one maximum at 100° and helices whose 
hydrophobicity periodicity shows a second maxi- 
mum around 160°. The former helices would be 
essential for lipid binding, and the presence of two 
such domains in apolipoprotein A-II accounts for 
the special lipid-binding properties of this protein 
[40]. The other helices play an important role in 
the activation of lecithin—cholesterol acyltransfer- 
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ase. Specific lipid-binding optimizes the substrate 
enzyme interactions. 

In a way, our findings quantify the proposal of 
Fukushima et al. [34] in which the ‘depth’ of 
penetration of the amphiphilic helices into the 
phospholipid bilayer is an important factor in 
lecithin—cholesterol acyltransferase activation. The 
balance between the hydrophilic and hydrophobic 
sides of the helices has a strong influence on the 
hydrophobicity profiles and the lecithin—choles- 
terol acyltransferase-activating properties. These 
characteristics of the helical structure might affect 
the phospholipid-apolipoprotein association and 
in turn modulate the substrate properties of the 
complex. 
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The association reaction of yeast alcohol dehydrogenase with coenzyme is partly 
diffusion-controlled in solvents of increased viscosity 
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The steady-state kinetics of the yeast and liver alcohol dehydrogenase catalyzed reduction of aldehydes were 
examined in solvent mixtures of increased viscosity. This was done to investigate the effects of diffusion 
control on the fast association of NADH with the enzymes. Both glycerol and sucrose were unsatisfactory as 
viscosogens, as they inhibited the enzyme, but poly(ethylene glycol) / water mixtures were satisfactory. The 
5-fold faster reaction of yeast alcohol dehydrogenase with NADH is partly diffusion controlled, whereas the 
slower liver alcohol dehydrogenase reaction showed no diffusion effects. These results are consistent with a 
yeast alcohol dehydrogenase active site that has relatively little steric hindrance to NADH binding. It is 
estimated that contributions to this association reaction from diffusion control and chemical activation 
control are equal at a solvent viscosity of 10 cP. Thus, under physiological conditions of increased viscosity 
the NADH association may be significantly affected by diffusion effects. In order to estimate accurately the 
maximum diffusion-controlled rate constant from diffusion theory, the diffusion coefficients of NADH were 
measured in poly(ethylene glycol) / water mixtures and were found to vary inversely as the solvent viscosity 
raised to the power of 0.5. The non-Stokesian behaviour of molecules as large as NADH in polymer / water 
mixtures may be a serious limitation to the routine use of poly(ethylene glycol) as a viscosogen for diffusion 
studies. 


Introduction 


Enzymes are remarkable in that their associa- 
tion reactions with their substrates are often very 
fast. They are so fast that their rates of reaction 
can be partly limited by diffusion of reactants 
towards one another. Since the diffusion-con- 
trolled rate of reaction is an upper rate limit, the 
degree to which it is achieved is some measure of 
the evolutionary development of the enzyme. Un- 
der physiological conditions of higher viscosity the 
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importance of the diffusion of the reactants is 
increased. 

Alcohol dehydrogenases [1-9] catalyze the re- 
duction of aldehydes and the oxidation of alcohols 
using the coenzymes NADH and NAD* respec- 
tively. The association reaction of NADH with 
yeast alcohol dehydrogenase 


k 
E+NADH—E-NADH 


measured by the steady-state method is fast and 
gives k, = 40 uM~'-s~? [1]. The horse-liver al- 
cohol dehydrogenase reaction is slower, with k, = 
10 »M~!-s7! as measured by both steady-state 
[3] and stopped-flow [4,5] methods. These rates 
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are so fast that they may be influenced by diffu- 
sion of the reactants towards one another [10]. 

The basis for the theory of diffusion-controlled 
reactions is the classical Smoluchowski equation 
[10,11] 


kp = 4aNDR /1000 (1) 


where kp (M~? -s™?}) is the diffusion-controlled 
rate constant for non-interacting spheres reacting 
on every collision, N is Avogadro’s Number, D 
(cm’-s~+) is the sum of the diffusion coefficients 
of the reacting species and R (cm) is the encoun- 
ter distance, often taken as the sum of the radu of 
the two reacting molecules. The effect of diffusion 
control on enzyme reactions has been recently 
reviewed [10]. Since the active site on an enzyme 
may be but a small fraction of the total surface 
area of the protein, the diffusion-controlled rate of 
an enzyme reaction may be substantially reduced 
over that given by Eqn. 1. Hence Eqn. 1 may be 
modified by inclusion of an experimentally de- 
terminable factor, f, that might include steric, 
interaction and probability factors 


kp = f4aNDR /1000 (2) 


More generally, if a reaction is not 100% diffu- 
sion-controlled and is affected simultaneously by 
normal chemical activation and by diffusion con- 
trol [10] 


ko = kg! + kp , (3) 


where k is the experimentally observed second 
order rate constant and kọ is the chemical activa- 
tion rate constant. Substitution of Eqn. 2 in Eqn. 
3 predicts that k~! is a linear function of D~1. 
Since D may be decreased by increasing the solvent 
viscosity the decrease in k with increasing solvent 
viscosity allows an experimental determination of 
f. The importance of diffusion control has been 
shown for the reactions of carbonic anhydrase 
[12], Mb [13,14], the separated chains of Hb [15], 
B-lactamase [16] and acetylcholinesterase [17]. 


Experimental procedures 
Materials 


Yeast alcohol dehydrogenase (Sigma) and 
horse-liver alcohol dehydrogenase (Sigma) were 


dissolved in ionic strength 0.1 M Na,HPO,- 
NaH, PO, buffer and centrifuged. To stabilize the 
yeast alcohol dehydrogenase stock solutions EDTA 
(0.3 mM) and either cysteine or glutathione (0.5 
mM) were added. The protein concentrations were 
measured from A at 280 nm [9] and the active site 
concentrations by fluorescence titration [18] with 
NADH in the presence of 0.5 M acetamide for 
yeast alcohol dehydrogenase and in the presence 
of 0.1 M isobutyramide for liver alcohol dehydro- 
genase [19,20]. For yeast alcohol dehydrogenase 
45% or 1.8 (out of a maximum of 4) of the active 
sites per molecule were titrated compared to 2.4 
found in Ref. 18. For liver alcohol dehydrogenase 
42% or 0.8 (out of a maximum of 2) active sites 
per molecule were titrated. 

Solutions of the viscosogen poly(ethylene gly- 
col) 6000 (Baker, M, 6000-7500) were prepared 
by weight (up to 11.8% (w/v) poly(ethylene gly- 
col), about 20 mM polymer). This water-soluble 
polymer is large enough that it would not be 
expected to fit into the dehydrogenase active site. 


The enzymes were stable in these solutions for 


times much longer than were necessary for rate 
measurements. Both glycerol and sucrose solutions 
were also tried as viscosogens, but were unsatis- 
factory as they both weakly inhibited liver alcohol 
dehydrogenase (K, = 1 M). 

The enzyme kinetics were studied in ionic 
strength 0.1 NaH, PO,-Na HPO, (liver alcohol 
dehydrogenase at pH 7.0, yeast alcohol dehydro- 
genase at pH 6.9) buffer. NADH (Sigma) solu- 
tions in pH 7.0 phosphate buffer were prepared 
fresh just before use and were assayed spectropho- 
tometrically at 340 nm using ¢ 6.15 mM=!-cm7! 
and Ae 6.05 mM~‘!-cm7! for conversion to 
NAD*. The reactions measured were the yeast 
alcohol dehydrogenase catalyzed reduction of 
acetaldehyde by NADH and the liver alcohol 
dehydrogenase catalyzed reduction of butyralde- 
hyde by NADH. Acetaldehyde and butyraldehyde 
were freshly distilled and their aqueous solutions 
were prepared fresh daily and were 40 mM and 1 
mM, respectively, in their reaction mixtures, The 
NADH concentration was varied typically from 
20 to 900 pM. 


Apparatus and methods 
The enzyme catalyzed reaction of NADH with 


the aldehyde was followed at 340 nm on a 
Shimadzu 260 spectrophotometer. The reaction 
was initiated by injecting a small volume of aque- 
‘ous stock enzyme solution into the motor-stirred 1 
cm reaction cell at 25°C. Initial velocity, v, mea- 
surements were computed from first-derivative 
time-course records extrapolated back to zero time. 
The velocities were corrected for the slow loss of 
activity of the stock enzyme solution over time. 
Usually 8—10 initial velocity measurements were 
made and analyzed in Lineweaver-Burk plots by 
weighted (assuming 2% error in v) linear least- 
squares analyses. The least-squares-determined er- 
rors on the slopes averaged 2.2% and on the 
intercepts 1.5%. 

The viscosities of the reaction mixtures were 
measured on a calibrated thermostatically con- 
trolled Wells-Brookfield cone-plate microviscome- 
ter to about 1% and ranged from 0.9 to 6.3 cP (1 
cP = 1 centipoise = 1 mPa-s). The diffusion coef- 
ficients of NADH in poly(ethylene glycol)/ water 
mixtures were measured by the Taylor dispersion 
technique [21,22]. A small sample (5 pD) of NADH 
solution was injected into the solvent as it was 
pumped down a thermostatically :controlled 30.5 
m long stainless steel capillary tube. The broad- 
ened eluted peak was recorded by the spectropho- 
tometer as it passed through a 1 cm flow-through 
cell. The diffusion coefficient was calculated from 
D = 2310-r?-t,/WZ. where r, (cm) is the 
capillary radius, £, (s) the residence time of solute 
in the tube and W, ,. (s) is the width at half-height 
of the eluted peak [21,22]. Values of log (Dyapy) 
in aqueous and poly(ethylene glycol)/ water 
buffers are plotted vs. log ņ in Fig. 1. 


Results and Discussion 


Diffusion coefficient of NADH 
The Stokes-Einstein equation 


D=kT/(6a7rn) (4) 


where k is Boltzmann’s constant, r is the effective 
molecular radius and ņ the solvent viscosity, is 
often used to predict D. However, the failure of 
Eqn. 4 for small solute molecules, is well known 
[12,13,21—23] and is a serious limitation on its use 
in Eqn. 2 [12,13]. However, the striking empirical 
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correlation [21,22] 
D=A/q (5) 


has been found where A and p are constants. The 
viscosity exponent p depends upon the solute size 
and has a value of 1 or less. Linear least-squares 
fits to the logarithmic form of Eqn. 5 plotted in 
Fig. 1 gives for NADH, p=0.474+0.003 and 
A = (3.73 + 0.02) - 1076 cm? - s~}. Failure of Eqn. 
4 is particularly acute in polymer / water mixtures. 
For Na” in poly(ethylene glycol)/ water, p = 0.16 
was Observed [23]. The validity of Eqn. 5 for the 
much larger yeast alcohol dehydrogenase and liver 
alcohol dehydrogenase molecules in poly(ethylene 
glycol)/ water mixtures was not tested, but it was 
for the smaller horse-heart cytochrome c (M, 
12500) in a related study and yielded a value of 
p = 0.97 + 0.03. Thus it appears that failure of 
Eqn. 4 occurs when the solute size is small relative 
to solvent size. The non-Stokesian behaviour of a 
relatively large substrate molecule like NADH in 
poly(ethylene glycol)/ water solutions is a serious 
limitation to the routine use of the solvent viscos- 
ity in Eqn. 4 to predict the diffusion coefficients 
used in Egn. 2. 


Effect of increased viscosity in poly(ethylene 
glycol) / water on the kinetics 

The effect on the yeast alcohol dehydrogenase 
kinetics of increasing the viscosity of the solvent 
with poly(ethylene glycol) is shown in Fig. 2. The 
kinetics of aldehyde (Ald) reduction by NADH 


log Dxapy (cm? §)) 
a 
Q 


00 02 04 O06 08 ie 

logy (cP) 
Fig 1 Plot of log Dyapy vs log 9 for poly(ethylene glycol) / 
water mixtures at 25°C in pH 7.0, 0.1 M iomic strength 


phosphate buffer A weighted linear least-squares fit yields 
from the slope the viscosity exponent p =.47 ın Eqn. 5. 
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[NADH]' (mM) 


Fig. 2. Lineweaver-Burk plots for the yeast alcohol dehydro- 
genase-catalyzed reduction of acetaldehyde by NADH in 0, 8 0 
and 108% g/100 mi (@, O, &) poly(ethylene glycol) /water, 
respectively The enzyme concentration refers to a 955 pM 
active site basis and [acetaldehyde] = 40 mM The lines are 
weighted linear least-squares calculated. 


are given by the Dalziel relationship [1,2,7,18]: 


{Elo . ft $2 P12 
» °°" TNADH] * [Ald] ` [NADHI[Ald] (6) 





The relationship of $, to ¢, and 9¢,, to œ, is such 
that at high [Ald] and under conditions where 
[Ald] > [NADH] Ean. 6 reduces to 


[E]o _ $ı 


and allows a measure of ¢, and ¢, without the 
necessity of using secondary plots. Under the con- 
ditions of the yeast alcohol dehydrogenase study 
with [acetaldehyde] = 40 mM, the ¢,, term is but 
0.3% of the ¢, term and the ¢, term is 2.3% of the 
p term [1]. Eqn. 7 is still valid at high acetalde- 
hyde concentrations as the KN4PF (1/9) of 73 
uM from [1] agrees well with our value of 65 uM. 
Also our value of $ which depends upon an 
absolute determination of [E], agreed within 18% 
of that previously found [2]. In the case of liver 
alcohol dehydrogenase with [butyraldehyde] = 1 
mM the ¢,, is just 0.04% of the ¢, term and the 
$, term is 2.3% of the ¢, term [3,7]. 

The yeast alcohol dehydrogenase [1,2,7] and 
liver alcohol dehydrogenase [3,7] catalyzed reduc- 
tion of aldehyde is usually interpreted in terms of 
compulsory ordered binding. NADH is the sub- 
strate that binds first and it is then followed by 


ki! (nM-s) (Yeast alcohol dehydrogenase ) 


the aldehyde. For both yeast alcohol dehydro- 
genase and liver alcohol dehydrogenase the rela- 
tionship among the rate constants in the com- 
pulsory ordered mechanism is such that ¢7' = k}. 
This result has been confirmed by direct stopped- 
flow measurement of k, for liver alcohol dehydro- 
genase [4,5]. Substituting k for the k of Eqn. 2 in 
Eqn. 3 gives 


kj) = ka! +(f4aNDR /1000) `` (8) 


Thus plots of ky? vs. D~! (Fig. 3 yield from the 
slopes experimental values of f (Table I). The 
S.D.s on the kī? parameters obtained from the 
weighted linear least-squares analyses of the dou- 
ble-reciprocal plots were used as weights in the 
analyses of the data of Fig. 3. The S.D.s of these 
slopes and intercepts were used to calculate the 
error limits shown in Table I. R was calculated 
from R=rgt+Pryapy. The value of r (yeast al- 
cohol dehydrogenase) = 45.6 A was estimated from 
Egn. 4 with D (yeast alcohol dehydrogenase) = 
4.70 -1077 cm? -s71 [9]. Similarly with D (liver 
alcohol dehydrogenase) = 5.95 -1077 cm?-s7!, r 
(liver alcohol dehydrogenase) = 36.0 À. Eqn. 4 
was also used to calculate ryan = 6.1 A from the 
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k,'(nM-s) (Liver alcohol dehydrogenase) 


D’! x 10° (cms) 


Fig 3 Plot of kj! vs. D`} for yeast alcohol dehydrogenase 
(O, left scale) and liver alcohol dehydrogenase (@, mght scale) 
in poly(ethylene glycol) /water mixtures of increased viscosity 
The straight limes are weighted linear least-squares calculated 
The slopes yield the steric factor, f, ın Eqn. 8 and the inter- 
cepts yield the chemical activation rate constant, kc. The error 
bars are the §.D.s used in the analysis and were obtained from 
weighted linear least-squares- analyses of the type carried out 
on the data of Fig. 2 


TABLE I 
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RATE CONSTANTS, DIFFUSION CONTROL PARAMETERS AND STERIC FACTORS FOR THE REACTION OF AL- 


COHOL DEHYDROGENASES WITH NADH 


All parameters are on a per active site basis The S.D.s are fitting errors only from weighted linear least-squares analyses. 


Description /model Parameter 
Chemical activation ° ko (uM7!+s7*) 
Steric factor f (exp) 
Half-cone solid angle ° 0 (°) 


* From intercepts of Fig 3 at D~! = 0 (y = 0 cP). 


Reaction 

yeast alcohol liver alcohol 

dehydrogenase dehydrogenase 

52 3 9.9 +0.3 
0.033 + 0.005 0.025 + 0.013 

48 - 


> Calculated from the Schurr-Schmitz model [25] using the expermental f above. 


measured value of Dy apy = 3.9 - 1076 cm? - s~! in 
aqueous buffer at 25°C. Values of D, in poly(eth- 
ylene glycol)/ water were calculated from Eqn. 4 
using r (yeast alcohol dehydrogenase) = 45.6 A 
and r (liver alcohol dehydrogenase) = 36.0 A. 
DPyapy Was obtained from Fig. 1. Thus D was 
calculated from D=D,+ Dyapny. The slope of 
the plot of Fig. 3 shows a statistically significant 
dependence on D7? in the case of yeast alcohol 
dehydrogenase (+15% error) but not for liver 
alcohol dehydrogenase. Since the value of f for 
liver alcohol dehydrogenase is zero within 2 S.D.s 
no meaningful estimate of f is obtained for this 
enzyme. Thus only the faster yeast alcohol dehy- 
drogenase reaction shows the influence of diffu- 
sion control. In aqueous buffer at 25°C, Eqn. 2 
yields, with the experimental value of f= 0.033, 
kp = 0.033 -1.7-10!° M71-s-1=5.6-108 M7}. 
s+. Provided both reactants obey the Stokes-Fin- 
stein expression, it can be shown from Eqn. 8 that 
contributions from chemical activation control and 
diffusion control are equal at about a viscosity of 
10 cP. Measurements of the viscosity of the cyto- 
plasm of the cell range from 2 to 70 cP depending 
upon the cell and the experimental method [24]. 
Thus under physiological conditions of increased 
viscosity the reaction of NADH with yeast alcohol 
dehydrogenase may be significantly influenced by 
diffusion control. It should be noted that if an 
enzyme reaction is significantly affected by diffu- 
sion control, evolutionary changes that increase 
the chemical activation rate constant will have 
only marginal effects on the observed association 


rate constant. On this basis, yeast alcohol dehy- 
drogenase is a highly evolved enzyme. 


Diffusion models 

The diffusion of a reactant to a sterically 
hindered site on an enzyme is predicted to result 
in a significant reduction in the diffusion-con- 
trolled rate constant [10]. The simple surface reac- 
tivity model assumes that a fraction of the surface 
area of the enzyme, o,, is reactive [13,15]. This 
model does have the advantage, however, that it 
contains no adjustable parameters. Estimating op 
from the ratio of the cross-sectional area of the 
substrate molecule to the total surface area of the 
enzyme gives op = Trgapy/4arg. Assuming half 
the NADH molecule is reactive (oyapy = 1/2) 
the value of f can be calculated from f= op: 
Onapy- On this basis the calculated f of 0.002 
does not compare well with the experimental f 
value of 0.033. The reason for this poor agreement 
may be, as has been pointed out [10], that diffu- 
sion is really a volume-filling process and thus f 
should be proportional to sin @ rather than sin?ð 
[10], where @ is the half-cone angle subtended by a 
circular reactive patch on the enzyme surface. 

The more sophisticated Schurr and Schmitz 
solid angle model [25] considers both translational 
and rotational diffusion of the reactants and gives 
f=(1 — cos @)6@re/(rp+rxape) Where @ is the 
minimum half-cone angle (in rads) necessary for 
reaction at a hemispherical target. Thus, using the 
experimentally determined value of f, the half- 
cone angle, @, can be calculated. This model is 
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TABLE H 


A COMPARISON OF SOME PROTEIN REACTIONS THAT 
ARE INFLUENCED BY DIFFUSION CONTROL 


Reaction Experi- Half-cone Ref. 
mental solid angle, 
f> 00)” 
Ferric cytochrome c + eag 0 40 114 14 
Ferric myoglobin + e,, 017 86 14 
Yeast alcohol dehydro- 
genase ++ NADH 0.033 48 this work 
Carbonic anhydrase + CO, 0.0135 40 12 
Carbonic anhydrase + HCO; 0.005 25 12 
a-Haemoglobin cham+CO 0003 23 15 
B-Haemoglobin chan+CO 0002 22 15 
Myoglobin + CO 0.001 18 13 


* In the equation kp = f4NDR /1000 (Eqn. 2). 
> Calculated from the expernmental f [25] 


useful because it allows a comparison to be made 
between proteins and substrates of different sizes 
(Table II). From Table II the reaction of yeast 
alcohol dehydrogenase with NADH has a mini- 
mum angle of entry, @, exceeded only by the 
reaction of hydrated electrons with haem proteins 
in which tunnelling or two-dimensional surface 
diffusion processes [14] may be involved. On this 
basis the comparatively large value of @ for yeast 
alcohol dehydrogenase indicates a relatively un- 
restricted entrance to the active site. The large 
unrestricted angle of entry may be partly ex- 
plained by the fact that yeast alcohol dehydro- 
genase is a two-substate enzyme. Thus the yeast 
alcohol dehydrogenase active site must be large 
enough to accommodate both NADH and an al- 
dehyde. Since NADH binds first, the active site 
that NADH ‘sees’ when it binds is free of the 
second substrate and is thus relatively unhindered 
in its open conformation [26]. Evidence for a 
relatively unrestricted coenzyme binding site also 
comes from the observation [26] that the hydro- 
phobic cavity for the adenine ring is larger than 
required. Thus this cavity can also accommodate a 
variety of inhibitors. 
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The oxidation reaction of human oxyhemoglobin with nitrite is complex and is characterized by a lag period 
followed by an autocatalytic phase. On the basis of contradictory experimental results, in order to describe 
the time-course of the reaction, two different mechanisms have been proposed, involving either hydrogen 
peroxide or the superoxide anion as reaction intermediates. This paper reports a careful reinvestigation of 
this reaction carried out as a function of reagent concentration, buffer composition, presence of enzymatic 
scavengers of oxygen radicals or of other compounds which may affect the intermediate steps of the 
reaction. The results obtained show that: (i) hydrogen peroxide can be definitely identified as the reaction 
intermediate, in-agreement with the mechanism proposed by Kosaka et al. (Biochim. Biophys. Acta 702 
(1982) 237-241); (ii) the reaction time-course depends in a different way on the concentrations of 
hemoglobin and nitrite, a finding that cannot be explained on the basis of this. mechanism. A more complex 
reaction scheme is proposed, that provides a satisfactory description in quantitative terms for all the 


available experimental data. 


Introduction 


Conversion of human oxy- to methemoglobin 
may be easily obtained by addition of oxidizing 
agents, such as ferricyanide or nitrite. The interest 
in this latter reagent resides mainly in its ability to 
penetrate into the erythrocyte, thus allowing the 
study of methemoglobin generated in situ. 
Methemoglobin is always present in the blood in 
small amounts (about 3%) and its level is main- 
tained constant by the methemoglobin reductase 
system, but increases in a variety of pathological 
conditions; indeed, the side-products which 
accompany hemoglobin oxidation, such as hydro- 
gen peroxide, or the oxidizing agents which can 
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produce methemoglobin, such as oxygen radicals 
generated endogenously or derived from exoge- 
nous sources, may be involved in a number of 
diseases [1]. 

The oxidation of human oxyhemoglobin with 
ferricyanide has been well characterized both at 
equilibrium and kinetically and has been described 
in terms of a displacement reaction, on the as- 
sumption that the bound oxygen and ferricyanide 
compete for the same site. The stoichiometry is 
simple: oxidation of oxyhemoglobin requires one 
equivalent of oxidant per heme iron and the half- 
time of the reaction depends on the concentration 
of the reagents as expected for a second-order 
process [2]. 

In contrast, the oxidation reaction of oxyhe- 
moglobin by nitrite is complex and the reaction 
kinetics is characterized by a lag period followed 
by an autocatalytic phase [3—8]. While the overall 
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stoichiometry has been well established [9], two 
different mechanisms involving peroxide or super- 
oxide anions as reaction intermediates have been 
proposed by Kosaka et al. [8] and Tomoda et al. 
[7], respectively, on the basis of conflicting results 
concerning the effect of superoxide dismutase and 
of catalase on the time-course of the reaction. 
Later, Kosaka et al. [10] established that super- 
oxide anion is generated in the presence of Bistris, 
but not of phosphate buffer, and confirmed that 
peroxide is the ‘natural’ reaction intermediate. 

In the framework of a comparative study con- 
cerning the oxidation reaction of molluscan hemo- 
globins, where the sixth ligand of the ferric iron is 
contributed by the protein [11], the kinetics of the 
reaction of human oxyhemoglobin with nitrite un- 
der a variety of carefully controlled conditions 
have been reexamined. In particular the overall 
rate constant was found not to depend in a simple 
way on the concentration of the two reagents, 
nitrite and oxyhemoglobin, in contrast to the reac- 
tion scheme proposed by Kosaka et al. [8]. On this 
basis, the oxidation reaction has been investigated 
as a function of several factors: reagent concentra- 
tion, presence of superoxide dismutase and cata- 
lase, addition of other compounds, such as 
methemoglobin or cyanide, that should affect the 
different steps of the reaction according to Kosaka 
et al. [8]. A more complex mechanism of the 
oxidation reaction 1s proposed that provides a 
satisfactory description in quantitative terms for 
both the time-course of the reaction and its dis- 
parate dependence on the concentration of 
oxyhemoglobin and nitrite. 


Materials and Methods 


Human hemoglobin was prepared from fresh 
blood and stripped of organic and inorganic ions 
as previously reported [12]. The protein was then 
freed from catalase and superoxide dismutase by 
treatment with cellulose DEAE-52 in batch. The 
resin was equilibrated with 1.5 mM phosphate 
buffer at pH 6.8 and mixed with the hemoglobin 
solution dialysed against the same buffer (4 vol. of 
protein solution per volume of swollen resin), and 
was stirred gently for 30 min. Under these condi- 
tions both catalase and superoxide dismutase are 
bound to the resin. The supernatant obtained after 


centrifugation at 1500 rpm for 10 min, contains 
pure oxyhemoglobin (HbO,) as indicated by mea- 
surements of the catalase and superoxide dis- 
mutase activity (see below). 

Methemoglobin (Hb’*) was prepared by treat- 
ing oxyhemoglobin with 5 equivalents of 
K,Fe(CN), at 25°C for 30 min; the excess of 
oxidant was removed by gel-filtration on a Sep- 
hadex G-25 column. 

The concentration of oxyhemoglobin was de- 
termined using its molar extinction coefficient (on 
a heme basis) in phosphate buffer (pH 7.0) at 577 
nm (e = 14600 M~!-cm~?+), The concentration of 
methemoglobin was determined on the basis of 
the molar extinction coefficient of the deoxy-de- 
rivative, obtained by addition of dithionite («= 
12000 M~t}. cm~! at 555 nm. phosphate buffer at 
pH 7.0). 

Catalase was obtained from Sigma Chemical 
Co. The catalase assay was performed according 
to Liick [13]. One unit of catalase activity is defined 
as the amount of enzyme which decomposes 1.0 
pmol of H,O, per min at a starting H,O, con- 
centration of 0.02 M in 0.05 M phosphate buffer 
at pH 7.0 and 25°C. 

Superoxide dismutase was prepared from 
bovine red cells and was assayed by observing the 
inhibition of the autoxidation of epinephrine at 
alkaline pH, according to Misra and Fridovich 
[14]. One unit of enzymatic activity is defined as 
the amount of enzyme (usually about 100 ng) 
which inhibits the reaction by 50%. 

Potassium nitrite and hydrogen peroxide solu- 
tions were prepared in water just before use. The 
latter reagent was diluted from a titrated stock 
(Merck). 

The oxidation reactions were initiated by the 
addition of nitrite to the oxyhemoglobin solution 
in the desired buffer in thermostatically controlled 
cuvettes (25°C); the reagents were added to the 
reaction mixture just before the oxidant, unless 
otherwise stated. The majority of experiments was 
performed at pH 7.0 in phosphate buffer of J = 0.1 
M; alternatively, 0.1 M Tris-HCI or 0.1 M Tris- 
HCl, containing 1-1074 or 5-1074 M inositol 
hexakisphosphate at the same pH, was used. 
Methemoglobin formation was followed at a con- 
stant wavelength (577 nm) as a function of time. 

Spectrophotometric experiments were’- carried 


out with a Cary 219 spectrophotometer; a Radi- 
ometer pH M 64 was used for the pH measure- 
ments. 

The time-course of the reaction was fitted to 
the reaction schemes using a Runge Kutta simula- 
tion kinetic program run on a PDP 11/23 com- 
puter (Digital Equipment). 


Results 


The effect of several experimental variables 
(concentration of the reagents, buffer composi- 
tion, addition of catalase,’ superoxide dismutase, 
hydrogen peroxide, methemoglobin and cyanide) 
on both the lag period and the autocatalytic phase 
of the reaction has been examined in phosphate 
buffer at pH 7.0, unless otherwise stated. The 
maximum nitrite concentration used in all the 
experiments was 5.1074 M in order to minimize 
the formation of the methemoglobin-nitrite com- 
plex whose affinity constant is 340 M7! at pH 7.0 
at 25°C [9]. 


Effect of oxyhemoglobin and nitrite concentration 

At a constant concentration of oxyhemoglobin 
(1-1074 M) an increase of the concentration of 
nitrite (from 2-1074 to 5-1074 M) results in a 
shortening of the lag period, and in a steeper 
autocatalytic phase (Fig. 1A). ‘On the other hand, 
variations in protein concentration over the range 
(0.12-2.5) -1074 M at a constant concentration of 
nitrite (5-10~* M) lead to smaller changes in the 
half-time of the reaction (Fig. 1B). . 


Effect of catalase, hydrogen peroxide and super- 
oxide dismutase 

The relevance of hydrogen peroxide in the reac- 
tion mechanism was checked in experiments per- 
formed in the presence of catalase at a constant 
protein concentration of 1-1074 M. When cata- 
lase (1800 U) is added before the oxidant, the 
time-course of the reaction is affected in a differ- 
ent way depending on nitrite concentration (Fig. 
2A). Thus there is a very marked increase in the 
lag phase at a nitrite concentration of 2-10~* M, 
but the effect becomes less evident at higher oxi- 
dant concentrations ((3—-5)-10~* M). Under the 
latter conditions a prolongation ofithe lag phase 
can be observed only if the amount of catalase is 
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Fig. 1. Effect of nitrite (A) and protein (B) concentration on 
the time-course of HbO, oxidation by nitrite Phosphate buffer, 
I=0.1 M, pH 70. (A) HbO,, 1:107* M; mitnite, 2:1074 M 
(a), 3:1074 M (b), 5-10°* M (c) (B) Nitnte, 5:1074 M; 
HbO,, 2.5-10~> M (a), 1-1074 M (b), 2-1074 M (c). Insets: 
half-time of the reaction as a function of free nitmte (A) or of 
HbO, (B) concentration. The expermmental points were ob- 
tamed with different hemoglobin preparations; the curves are 
theoretical ones calculated on the basis of the proposed reac- 
tion scheme (see text) The values of the apparent rate con- 
stants used are: 8-107* s7! (reaction (9)), 240 M7!-s7! 
(reaction (10)), 300 M~!-s~} (reaction (3)), 4 M7}-s~?! ¢reac- 
tion (4)), 8-10° MT? s~} (reaction (5), 8-1074 s7} (reaction 
(7) 


increased 4- to 5-fold`(data not shown). In a 
further set of experiments catalase (1800 U) was 
added to the reaction mixture (HbO, 1-1074 M, 
nitrite 2-10~* M) after the oxidant; a retarding 
effect is present only when the addition is made 
during the lag phase (Fig. 2B). 

The involvement of hydrogen peroxide is ap- 
parent also in experiments in which substoichio- 
metric amounts of this compound were added to 
the oxyhemoglobin solution just before the ad- 
dition of nitrite. Hydrogen peroxide affects mainly 
the lag period, in agreement with previous data 
[6,10,15] and the effect depends on both hydrogen 
peroxide and nitrite concentration (Fig. 3A, B). 
Under the conditions used, the amount of 
oxyhemoglobin oxidized by hydrogen peroxide in 
the absence of nitrite is negligible, as already 
described in Ref. 6. 

The presence of superoxide dismutase (1200 U) 
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Fig. 2 Effect of catalase and superoxide dismutase on the 
time-course of HbO, oxidation by nitrite HbO, 1 1074 M, 
phosphate buffer J = 0.1 M, pH 70. (A) nitrite, 2-107* M (a), 
3-1074 M (b), 5-107* M (c); control (- - - - - - ), plus catalase, 
1800 U ( ); plus superoxide dismutase, 1200 U ( ----). 
(B) Nitrite, 2:1074 M Control (- - - - - - ) Addition of catalase 
(1800 U): at zero time (a), at 5 min (b) and at 15 mun (c) 





does not affect the time-course of the oxidation 
reaction significantly (Fig. 2A), as expected on the 
basis of published data in phosphate buffer [10]. 


Effect of methemoglobin and cyanide 
In view of the proposed involvement of 
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Fig 3 Effect of hydrogen peroxide and methemoglobin ad- 
dition on the time-course of HbO, oxidation by nitrite. Phos- 
phate buffer, 7 = 01M, pH 7.0. HbO,, 1-107* M. (A) Nitrite, 
5-1074 M without (- - - --- ) and with ( ) H,0,,1 107° 
M (B) Nitnte, 2-1074 M; control (------ ); plus H,0,, 
1-107° M (a), 2-1075 M (b); plus met-Hb, 1-1074 M and 
H,0,, 1-1075 M (c); plus met-Hb, 1 107* M and H,0;, 
2-1077 M (d). fy 





methemoglobin in the onset of the autocatalytic 
phase [8], methemoglobin was added to the reac- 
tion mixture before nitrite (HbO, 1:1074 M; 
nitrite 2:1074 M; met-Hb 1-1074 M). Under 
these conditions, addition of methemoglobin in- 
duces a shortening of the lag period, but leaves the 
second phase essentially unaffected (Fig. 4A). At 
higher nitrite concentrations (5-1074 M), no ef- 
fect of methemoglobin is detectable (data not 
shown). 

In another set of experiments, cyanide, at con- 
centrations ranging from 2-1074 to 2-107? M 
was added to oxyhemoglobin solutions (1-1074 
M) before nitrite (2 -1074 M). Fig. 4B shows that 
the half-time of the reaction increases with in- 
crease in cyanide concentration, in agreement with 
previous data [8]. 

Lastly H,O, (0.1 and 0.2 equiv./heme) and 
methemoglobin (1-1074 M) were both added to 
oxyhemoglobin (1 - 1074 M) before nitrite (2 - 1074 
M) in order to establish whether their effect on the 
lag phase is additive. The additional presence of 
methemoglobin results in a further shortening of 
the lag period with respect to that produced by 
hydrogen peroxide alone (Fig. 3B). 


Effect of buffer composition 

The effect of buffer composition on both the 
lag and the autocatalytic phase was studied in 
parallel experiments carried out in Tris-HCl and 
phosphate buffers. In addition the influence of 
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Fig. 4. Effect of methemoglobin or cyanide addition on the 
time-course of HbO, oxidation by nitrite Phosphate buffer, 
I=01 M, pH 7.0. HbO,, 1-1074 M; nitrite, 2-1074 M; 
control (- - - - - - ); plus met-Hb, 1-107 M (a); plus cyanide, 
2.5-107f M (b) and 2 107? M (c) Inset: half-time of the 
reaction as a function of cyanide concentration 
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Fig 5. Effect of buffer composition on the initial velocity (A) 
and ‘on the half-time (B) of the HbO, oxidation by nitrite. 
Buffers: phosphate, 7 = 0.1 M, pH 7.0 (©); Tris-HCl, 01 M, 
pH 7.0'without (0), and with 1-1074 M or 5-1074 M inositol 
hexakisphosphate (A). The experimental points were obtained 
at HbO, concentrations ranging from 1.2-1075 M and 2-1074 
M. The curves are theoretical’ ones calculated on the basis of 
the proposed ‘reaction scheme (see text) for the data measured 
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in the absence (----- -) and in the presence ( ) of 
inositol hexakisphosphate For (------ } the values of the ap- 
parent rate constants are given in Fig. 1; for (- ) the 





values used are: 5.5-1074 57} (reaction (9)), 275 M7!.s~! 
(reaction (10)), 275 M7! s~} (reaction (3)), 0.55 M7?}+s7! 
(reaction (4)), 5.5-10? M~!-s~? (reaction (5)), 5.5-1074% s~} 
(reaction (7)) 


inositol hexakisphosphate was investigated, since 
this allosteric effector is known to shift the confor- 
mational equilibrium towards the T-state in met-, 
but not in oxyhemoglobin [17]. Fig. 5 shows the 
dependence of the initial velocity (expressed as 
fos) and of the overall rate (expressed as #, ,.) on 
nitrite concentration in the different buffer sys- 
tems. While the values of f,,,¢ are essentially 
unaffected by buffer composition, the 1, ,, values 
are significantly higher in the presence of initial 
hexakisphosphate, in agreement with earlier ob- 
servation of Tomoda and Yoneyama [18]. 


Discussion 

The stoichiometry of the overall oxidation reac- 
tion of human hemoglobin by nitrite has been 
definitively established [9] and can be described as 
follows: 
4HbO, + 4NOZ +4H* > 4Hb?*+4NOZ +0,4+2H,0 (1) 


On the other hand, despite numerous studies, the 
reaction mechanism has not been fully elucidated. 
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Thus, contradictory results concerning the nature 
of the intermediates formed during the lag phase 
have led to the proposal of two different mecha- 
nisms based on the involvement of superoxide or 
peroxide anions, respectively. Tomoda et al. [7] 
claimed that superoxide anion (O7) is formed 
during the lag period, since they observed that in 
Bistris buffer superoxide dismutase induced a 
lengthening of the lag phase and that catalase had 
almost no effect on the time-course of the reac- 
tion. 

A quite different mechanism has been proposed 
by Kosaka et al. [8] who observed that, in phos- 
phate buffer, the time-course of the reaction is not 
affected by superoxide dismutase or other O57 
scavengers, and that catalase did prolong the lag ` 
phase. Hence, in their scheme hydrogen peroxide 
is generated during the lag phase concomitantly 
with methemoglobin and NO;: 


3HbO, +3NOZ +6H* > 3Hb** + 3NO; +3H,0, (2) 


Subsequently methemoglobin and hydrogen per- 
oxide give rise to an EPR-detectable ferryl hemo- 
globin radical; 


3Hb?* +3H,O0, > 3Hb’4* +3H,0 (3) 


This reaction provides the basis for the autocata- 
lytic phase which comprises several steps involv- 
ing ferry] hemoglobin and nitrite: 


3Hb'** +3NO7 +3H* > 3Hb** +3NO; (4) 
3Hb** +3NO7 +3H* > 3Hb’* +3NO; +3H,0 (5) 
HbO, + NO; > Hb’ * + O, + NO7 (6) 


The chain termination reaction is represented by: 
BNO; +4H,0 > 4NO7 +4NO7 +8H* (7) 


In a later paper, Kosaka and Tyuma [10] ex- 
plained the different effect of superoxide dis- 
mutase in phosphate and Bistris buffer as due to 
the generation of superoxide anion upon reduction 
of O, by a radical derived from Bistris. However, 
these Authors did not provide an explanation for 
the conflicting results concerning the effect of 
catalase described in Refs. 7 and 8. The data of 
Fig. 2, obtained with oxyhemoglobin carefully 
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freed from both catalase and superoxide dis- 
mutase, focus on this particular point. The effect 
of catalase (1800 U) appears to depend on the 
concentration of nitrite. Thus, at the low nitrite 
concentrations ((2~3)-10~* M) used by Kosaka 
et al. [8], there is a lengthening of the lag phase; 
on the other hand, at a nitrite concentration of 
5-1074 M, there is a negligible effect of the 
enzyme, as found by Tomoda et al. [7]. At this 
latter concentration a significant prolongation of 
the lag phase may be obtained if the catalase 
concentration is increased about 4—5-fold. There- 
fore, the present data explain the contradictory 
results just mentioned [7,8] in terms of a competi- 
tion between catalase and methemoglobin for 
H,0O,. On this basis, the availability of the latter 
compound for the formation of the ferry] radical 
(reaction (3)) involved in the autocatalytic phase, 
depends on the experimental conditions, i.e., on 
the relative concentrations of oxyhemoglobin and 
catalase. 

The effect of catalase and the composite experi- 
mental findings obtained upon addition of 
methemoglobin (Fig. 4) and of substoichiometric 
amounts of H,O, (Fig. 3), which shorten the lag 
phase, and of cyanide, which lengthens the lag 
phase (Fig. 4), agree qualitatively with the expec- 
tations based on reactions (2) and (3) and on the 
subsequent steps of the oxidation mechanism pro- 
posed by Kosaka et al. [8]. 

However, from a quantitative viewpoint, the 
present findings on the effect of exogenous 
methemoglobin and hydrogen peroxide cannot be 
explained in terms of the above-mentioned scheme. 
Thus, in contrast to the prediction of reactions (2) 
and (3), the lag phase is shortened much less by 
addition of 1 equiv. / heme of methemoglobin than 
by that of 0.1 equiv./heme of hydrogen peroxide. 
Moreover, the reaction scheme requires the time- 
course to depend in a similar way on the con- 
centrations of the two reagents, oxyhemoglobin 
and nitrite. In contrast, the overall reaction veloc- 
ity does not vary as expected as a function of the 
concentration of oxyhemoglobin. 

Additional steps have to be introduced to 
account for these experimental findings. In par- 
ticular, the observed dependence of the overall 
reaction rate on the concentration of oxyhe- 
moglobin implies.that this species is not oxidized 


directly. It may be envisaged that nitrite displaces 
the bound dioxygen giving rise to HbDNO; that is 
in fast equilibrium with oxyhemoglobin. HbNO, 
could behave as an activated species which may be 
readily oxidized and may also act as the catalyst 
for the oxidation of nitrite to NO;. The latter 
reaction occurs concomitantly with the reduction 
of dioxygen to hydrogen peroxide. As to the na- 
ture of the oxidant, recent experimental evidence 
points to the direct involvement of NO,, since 
amines, which are known to react with NO; to 
yield nitrosamines, inhibit the oxidation reaction 
[19]. In particular, among the primary amines, the 
most powerful inhibitors are represented by the 
least basic ones (e.g., aniline) which are known to 
form nitrosamines most rapidly [20]. According to 
this view, in the presence of amines the overall 
rate of the oxidation reaction is determined mainly 
by their interaction with NO, rather than by their 
inhibition of the peroxide compound formation as 
proposed by Kosaka and Uozumi [19]. 

On the basis of these considerations, the initial 
steps of the oxidation reaction can be described as 


4HbO, +4NO7 S 4HbNOZ +40, (8) 


3HbNOZ +30, +6NO; +6H* > 3HbNOZ +6NO; +3H,0, 
(9) 


4HbNOS +4NO; > 4Hb?* +8NOZ (10) 


These steps substitute reactions (2) and (6) in 
the scheme of Kosaka et al. [8] reported above. 
With an appropriate choice of constants (see in- 
sets of Figs. 1 and 6), the proposed scheme de- 
scribes the observed dependence of the reaction 
time-course on the concentrations of both nitrite 
and oxyhemoglobin. It may be noticed that the 
rate constant of reaction (3) used in the stimulation 
procedure corresponds closely to the value de- 
termined experimentally for the reaction of 
metmyoglobin with hydrogen peroxide [21]. 

Lastly the effect of inositol hexakisphosphate 
on the oxidation reaction deserves a comment. 
The data summarized in Fig. 5 clearly show that 
inositol hexakisphosphate influences mainly the 
autocatalytic phase in line: (i) with the knowledge 
that this allosteric effector shifts significantly the 
conformational equilibrium in the case of met- 
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Fig 6. Time-course of the oxidation reaction of HbO, by 
nitrite in phosphate buffer sumulated according to the pro- 
posed scheme (see text) For the values of the rate constants 
used, see Fig 1. (a) HbO}, 025-1074 M,'mtnte, 2-107* M; 
(b) HbO,, 2-1074 M, nitrite 5-1074 M; (c) HbO2, 1-1074 M, 
nitrite, 5 1074 M, (d). HbO,, 0.25-10~* M, nitrite 5-1074 M. 
Note that the lower panel expands the ongin region of the 
upper panel. 


and not of oxyhemoglobin [17] and (ii) with the 
involvement of methemoglobin in the autocataly- 
sis. In turn, the data indicate that methemoglobin 
in the T-state is endowed with a decreased reactiv- 
` ity. The theoretical curves shown in Fig. 5, which 
describe the dependence of the initial velocity and 
of the half-time of the oxidation reaction as a 
function of nitrite concentration in the presence of 
inositol hexakisphosphate, were obtained by de- 
creasing the rates of reactions (4) and (5) as in- 
dicated in the figure legend. | 

In conclusion, the present data demonstrate 
that the complex oxidation mechanism of 
oxyhemoglobin by nitrite results in a disparate 
dependence of the overall rate of the reaction on 
the concentration of the reagents; they confirm 
also that H,O, is the reaction intermediate and 
suggest that the only oxidant in the reaction is 
NO,. Moreover, they provide an explanation for 
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the conflicting literature data concerning the ef- 
fect of catalase on the time-course of the reaction. 
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Significant differences between saturation kinetic properties of heparin-stimulated reactions between 
thrombin and antithrombin [II from human and bovine species were observed. In both systems, the apparent 
K n for antithrombin HI was higher than the K, for antithrombin HI-heparin interaction, monitored by 
intrinsic protein fluorescence change. The K,, for thrombin and k,,, were much higher for proteins of the 
human species than the bovine species. The apparent K,, for one human protein was dependent on the 
concentration of the other human protein, indicating interaction of the binding events. The reaction product 
formed from the bovine proteins was a potent inhibitor of the reaction but the product from the human 
proteins was a poor inhibitor. The major differences between the two species appeared to be related to 
interaction of thrombin or thrombin derivatives with heparin or heparin-antithrombin IH complexes. 


Introduction 


The heparin-catalyzed reaction between anti- 
thrombin III and certain proteinases is an unusual 
event where a polysaccharide can be viewed as the 
catalyst of a reaction between an enzyme and an 
irreversible inhibitor of that enzyme. Modelling 
this reaction by standard saturation kinetic analy- 
sis appears possible, with the proteins occupying 
the role of the substrates and the polysaccharide 
assuming the role of the enzyme [1,2]. Some strik- 
ing properties found for proteins from the bovine 
species, such as an extremely low K,, for throm- 
bin (under 2 nM) and a low k,,, (about 0.3 s7?) 
[1,2], have not been observed for human proteins, 
where K,, values have varied from 7 nM to as 


Abbreviation TLCK, N-a-p-tosyl-L-lysine chloromethyl ke- 
tone. 


Correspondence: M.T Cunningham, Department of Biochem- 
istry, University of Minnesota, 1479 Gortner Avenue, St. Paul, 
MN 55108, U.S.A. 


high as 4 M [3-9]. Various studies have esti- 
mated a K.a for the human proteins of about 50 
to 800 min~! [3-9]. Perhaps these variations arise 
from differences in assay methods or conditions. 
The studies reported below utilize similar condi- 
tions and methods to compare reactions of the 
human and bovine proteins. The results indicate 
major differences between the kinetic properties 
for proteins from these two species. The results 
show that detailed cross-species comparisons of 
kinetic properties are not appropriate. Coordinate 
study of these two systems may provide a basis for 
comparisons and determination of the range of 
heparin function. 


Materials and Methods 


Bovine a-thrombin and bovine antithrombin 
ITI were isolated and assayed as previously de- 
scribed [1]. Human thrombin was purchased from 
the Sigma Chemical Co., and was reported to be 
over 80% pure by gel electrophoresis with a specific 
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activity of 3000 NIH units/mg. Highly purified 
human antithrombin III was a gift from the 
American Red Cross, and was further purified by 
gel-filtration chromatography on a Bio-Gel A-0.5 
m column before use. 

Active-site-blocked thrombins (bovine and hu- 
man) were prepared by incubating the purified 
proteases with 1 mM TLCK (Sigma) in a buffer of 
0.1 M Tris (pH 8.4)/0.1 M NaCl/0.1% poly(eth- 
ylene glycol) 6000 (Sigma) at 25°C for 24 h. This 
was followed by dialysis in the same buffer to 
remove unreacted TLCK. No amidolytic activity 
could be detected after this reaction time. 

Bovine and human antithrombin II]-thrombin 
complexes (product) were prepared by incubating 
antithrombin III and thrombin in a 2:1 (anti- 
thrombin III: thrombin) molar ratio at 25°C until 
less than 2% of the original thrombin activity 
remained. The final product concentration was 
assumed to be equal to the total thrombin con- 
centration in the reaction mixture. Extinction 
coefficients (Eig 280nm) for determining protein 
concentrations were 19.5 for thrombin [10] and 6.1 
for antithrombin III [11]. : 

Porcine mucosal heparin was donated by Riker 
Laboratories, 3M Company (Northridge, CA), 
with a reported specific activity of 161 units/mg. 
This unfractionated heparin was used in all anti- 
thrombin III / thrombin reactions. The molar con- 
centration of heparin was determined by titrating 
the heparin-induced fluorescence change of anti- 
thrombin III by the method of Nordenmann and 
Bjork [12], assuming that heparin bound to anti- 
thrombin III in a 1:1 molar ratio. 

The antithrombin JI] /thrombin reaction was 
performed by adding thrombin to a mixture of 
antithrombin II and heparin (or antithrombin III, 
inhibitor, and heparin) in 0.05 M Tris (pH 8.4)/0.1 
M NaCl/ 0.1% poly(ethylene glycol) 8000 at 25°C. 
At timed intervals, a solution of Polybrene was 
added to the reaction mixture (1.0 mg/ml final 
concentration) to quench the heparin-catalyzed 
reaction. The remaining thrombin concentration 
was determined by adding the chromogenic sub- 
strate S-2288, H-pD-isoleucyl-L-prolyl-L-arginine 
p-nitroanilide dihydrochloride (Helena Laborato- 
ries), to the quenched reaction mixture (the final 
concentration of S-2288 was 100 uM), followed by 


continuously recording the absorbance of the mix- ` 


67 


ture at 405 nm. The concentration of thrombin 
was determined from the velocity of p-nitroaniline 
(Egosnm = 1.06 -104 M~*-cm~') liberation from 
S-2288. The k,,, values for thrombin acting on 
S-2288 were 100 s~' and 54 s~! at 25°C for the 
bovine and human protein, respectively. 

The initial velocity of the heparin-catalyzed 
antithrombin IJ / thrombin reaction (in the pres- 
ence and absence of inhibitor) was estimated from 
thrombin activity vs. time plots. Between 20% and 
30% of the total thrombin was inactivated in the 
time required to get accurate initial velocities and 
the velocities are therefore approximate initial 
velocities. All velocities were corrected for the 
heparin-independent reaction. The error bars 
shown in the text figures represent the standard 
deviation of 3-6 velocity measurements. The data 
points without error bars had negligible error. 


Results 


The apparent K,, for human antithrombin MI 
was dependent on the thrombin concentration 
(Fig. 1A). A 5-fold increase in thrombin con- 
centration caused a 2.3-fold increase in the ap- 
parent K, for antithrombin III and a 3-fold 
increase in the apparent Vax- This result indi- 
cated that antithrombin III and thrombin binding 
to heparin were interrelated. At 120 nM anti- 
thrombin III, the apparent K,, for thrombin was 
21 nM (Fig. 1B). 
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Fig 1 Double-reciprocal plot of the initial velocities of the 
heparin catalyzed human antithrombin III/thrombin reaction 
In part A, heparm (0.92 nM) was incubated with varying 
amounts of antithrombin III at 23°C, and the reaction was 
started by adding 5 nM (@) or 25 nM (©) thrombin In part B 
heparin (1 0 nM) and human antithrombin HI (120 nM) were 
mecubated at 25°C. The reaction was started by adding varying 
amounts of thrombin. 
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For the bovine proteins, the heparin-dependent 
reaction was saturated with respect to thrombin at 
the accessible thrombin concentrations (Ref. 1 and 
Fig. 2) and active site blocked thrombin was a 
potent reaction inhibitor. Additional thrombin 
overcame the inhibition by TLCK-thrombin (Fig. 
2) suggestive of competitive inhibition by TLCK- 
thrombin. However, in both the presence and ab- 
sence of the inhibitor, high thrombin concentra- 
tions inhibited the reaction. This behavior pre- 
vented more thorough analysis of the inhibitory 
properties of TLCK-thrombin. 

Inhibition of the reactions by TLCK-thrombin 
was observed for proteins of both species (Fig. 3). 
The inhibition characteristics were different for 
the two systems. For the bovine proteins, relative 
inhibition was greater at high antithrombin III 
concentrations, while inhibition of the human pro- 
tein reaction was best observed at low antithrom- 
bin III concentrations. Unfortunately, accurate 
kinetic studies could not be conducted at higher 
inhibitor concentrations because the reaction 
velocity of the heparin-independent reaction be- 
came a major portion of the total reaction veloc- 
ity. Therefore, inhibition constants for the interac- 
tion between TLCK-thrombin and the heparin-an- 
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Fig 2. Inhibition of the heparin-catalyzed bovine antithrombin 
Il /thrombin reaction by TLCK-thrombin (part A) or by 
reaction product (part B). Heparin (6.0 nM) and antithrombin 
IO (60 nM) were incubated at 25°C in the absence (@) or 
presence of 40 nM (©) TLCK-thrombin The reaction was 
initiated by adding varying amounts of thrombin. Similar 
velocities were obtained if antithrombin III was added last or 
if thrombin plus TLCK-thrombin were added last. In part B, 
heparin (60 nM) and antithrombin III (120 nM) were in- 
cubated at 25°C in the absence (@) or presence of 20 nM (O) 
product. The reaction was started by adding varying amounts 
of thrombin. 
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Fig. 3. Inhibition of the heparin-catalyzed antithrombin III/ 
thrombin reactions by TLCK thrombin. In part A heparin (6.0 
nM) and varying amounts of bovine antithrombin III were 
incubated at 25°C ın the absence (@) or presence of 36 nM 
(O) bovine TLCK-thrombin The reaction was started by 
adding 9.6 nM bovine thrombin. In part B heparin (1.0 nM) 
and varying amounts of human antithrombin III were ın- 
cubated at 25°C in the absence (@) or presence (O) of 100 nM 
human TLCK-thrombin. The reaction was started by adding 
24 nM human thrombin 


tithrombin III complex could not be rigorously 
determined. 

Like TLCK-thrombin, the product of reaction 
between the bovine proteins was a potent inhibitor 
(Fig. 2B). Evidence indicating that the product 
undergoes self-association and aggregation with 
heparin [14,15] makes it difficult to establish which 
product species was the true inhibitor. 

The reaction product of the human proteins 
was a poor inhibitor of the reaction. Only 26% of 
the initial velocity was inhibited at 1 nM heparin, 
120 nM antithrombin III, 11 nM thrombin and 
240 nM product preparation (25°C). In contrast, 
the bovine reaction product caused 50% inhibition 
at a concentration of 20 nM (Fig. 2B). 


Discussion 


These studies have identified significant species 
differences between the human and bovine anti- 
thrombin III /thrombin proteins in reaction with 
heparin. In the bovine system the K,, for throm- 
bin was low (under 2 nM estimate), the K.a was 
also low (0.16 s~') [1,2] and the K,, for anti- 
thrombin II was 150-250 nM [1,2,16]. For the 
human proteins, the apparent K,, for thrombin 
and the apparent k,,, were much higher. These 
latter observations agree qualitatively with other 
studies utilizing the human proteins [3-8]. In our 


study, the apparent K „ value for one protein 
varied with the concentration of the second pro- 
tein. Several previous studies on the human pro- 
teins assumed non-interacting binding but did not 
test this assumption [3-6]. Estimations of the true 
K,, and k.a values (i.e., the K,, and k.a value at 
saturating fixed substrate) were not made for the 
human proteins in our studies due to limitations 
in the substrate concentrations available to the 
experimental approach used. However, the results 
indicated that the true K,, for human antithrom- 
bin IIT was greater than 300 nM. 

The K,, is greater than the K, for the anti- 
thrombin III-heparin binding that produces the 
antithrombin III fluorescence enhancement. The 
latter is about 30 nM under the conditions of this 
experiment [3] and this is similar to values for the 
bovine protein [1,2]. One explanation for this re- 
sult that has been presented for reactions of the 
bovine proteins is that k,,,/K,, is a diffusionally 
controlled parameter [1,2]. Alternatively, it is pos- 
sible that the antithrombin III-heparin binding 
event monitored by fluorescence change does not 
correspond to the substrate addition step in the 
kinetic reaction. Results supporting the latter con- 
clusion have been presented by Evington et al. [8]. 
In fact, two lines of evidence indicate the spectro- 
scopically silent addition of a second antithrom- 
bin TI molecule to the antithrombin III-heparin 
complex [8,14,15]. 

Evington et al. [8] have recently provided a 
two-substrate kinetic analysis of this reaction using 
human proteins. Fluorescent-labeled protein was 
used to observe product formation. The K,, for 
antithrombin III was high (0.5-2 uM), which 
agreed qualitatively with our result at high 
thrombin concentration. However, Evington et al. 
[8] did not observe interactive binding events for 
thrombin and antithrombin; the K,, for anti- 
thrombin was independent of the thrombin con- 
centration. This contrasted with our result. In 
addition, the K,, for antithrombin obtained by 
Evington et al. [8] was much higher than the 
apparent K,, values for antithrombin obtained in 
several previous studies (refs. 3-6, K „= 0.03—0.2 
uM). These latter values are similar to our data 
obtained at low thrombin concentrations. In fact, 
there may be a general correlation between the 
observed K,, for antithrombin and the thrombin 
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concentration used in the analysis. However, such 
an explanation is not sufficient, since apparent 
ka, Values in the different studies are relatively 
constant at about 1 to 5 s7}, despite very different 
antithrombin concentrations used; the studies giv- 
ing higher K,, values for antithrombin [8] would 
predict much lower apparent k,,, values at the 
0.03-0.2 uM antithrombin concentrations used in 
the other studies [3—6]. The differences may arise 
from artifacts associated with the use of different 
techniques or from concentration-dependent 
changes in kinetic mechanism. Protein concentra- 
tions used to obtain the very different results did 
not overlap. High thrombin concentrations (over 
50 nM) provided a high K,, for antithrombin and 
noninteractive sites [8] while low thrombin con- 
centrations (2-25 nM) gave low K,, values for 
antithrombin [3—6]. Unfortunately, the protein 
concentrations used may be limited by the meth- 
odologies and direct comparison of different tech- 
niques at the same protein concentrations may 
pose acute difficulties. 

Similar problems arise in comparison of the 
observed K,, for human thrombin. One:set of 
observations, obtained with two-stage assay meth- 
ods and with single, relatively low antithrombin 
concentrations, gave apparent K,, values of 7—25 
nM [3-6]. Other values using alternative assay 
methods and different conditions including a 
higher range of protein concentrations, gave K,, 
values for thrombin of 0.2-2 uM [8] and 4 pM [9]. 
Once again, these differences could be due to the 
assay procedure or to concentration-dependent 
changes in kinetic mechanism. Further studies are 
needed to determine the basis for these different 
values and kinetic properties. 

Overall, this study showed surprising dif- 
ferences in the manner in which proteins of two 
species interact kinetically with porcine heparin. 
While other sources for these differences such as 
purification methodologies cannot be ruled out, 
high protein purity makes such explanations seem 
unlikely. All of the major species differences (sub- 
strate inhibition, K,, for thrombin, inhibition by 
product) involve thrombin or thrombin con- 
jugates. Direct molecular weight studies also 
showed substantial species differences in the 
manner of interaction of thrombin conjugates with 
heparin [14,15]. The kinetic results could therefore 
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be related to species differences in the thrombin- 
heparin interaction involving thrombin from the 
two species. In all cases, the bovine protein would 
have substantially tighter interaction. These dif- 
ferences may serve a valuable function and con- 
tinued evaluation of both species may allow more 
in-depth understanding of heparin function. 
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Oxidized rubredoxin from Clostridium. pasteurianum has been investigated by magnetic circular dichroism 
(MCD) spectroscopy over the temperature range 1.5 to 150 K and at magnetic fields between 0 and 4.5 tesla. 
The results show that studies of the temperature and field dependence of MCD transitions afford insight 
into the polarization of electronic transitions for ground states with large g-value anisotropy, in addition to 
estimates of ground-state g values and zero-field splitting parameters. In agreement with the assignment 
made by Eaton and Lovenberg (Eaton, W.A. and Lovenberg, W. (1973) in Iron-Sulfur Proteins, Vol. H 
(Lovenberg, W., ed.), pp. 131-162, Academic Press, New York), the ultraviolet-visible spectrum of oxidized 
rubredoxin is assigned to two S — Fe(II) charge transfer transitions (both A, >°T, under tetrahedral 
symmetry), each spanning a range of 650-430 nm and 430-330 nm, respectively. The observed splitting in 
each of these transitions is attributed to a predominant axial distortion in the excited state resulting in 


effective D,, symmetry. 
Introduction 


Over the past decade, low-temperature mag- 
netic circular dichroism (MCD) spectroscopy has 
emerged as a valuable method for investigating 
the electronic and magnetic properties-of para- 
magnetic transition metal centers in metallopro- 
teins [1,2]. In addition to its well-established role 
in assigning electronic transitions, the technique 
has been shown to be effective in determining 
electronic ground-state parameters for para- 
magnetic chromophores by detailed studies of the 
magnetic field and temperature dependence of 
discrete MCD transitions. The type of ground 


Abbreviations: MCD, magnetic circular dichroism; EXAFS, 
extended X-ray absorption fine structure. 
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state information that is available includes spin 
state, effective g values, zero-field splitting pa- 
rameters, and magnetic coupling constants (for 
examples see Refs. 3-9). Thus MCD magnetiza- 
tion data afford an important link between optical 
and EPR spectroscopy and a means of selectively 
investigating the magnetic properties of individual 
metal centers in a multicenter enzyme or protein. 
Moreover, the technique is particularly useful for 
investigating paramagnetic centers that are EPR- 
silent due to zero-field splittings (e.g. reduced 
[3Fe-xS] clusters [5]) or magnetic interaction be- 
tween metal centers (e.g. the magnetically coupled 
heme and Cu centers in cytochrome c oxidase [6)]). 

The form of the MCD magnetization curve 
originating from an isolated Kramers doublet 
ground state depends on both the effective ground 
state g values and the polarization of the elec- 
tronic transition [3,10]. The majority of the studies 
reported thus far have simplified the data analysis 
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by focusing on two special cases: chromophores 
with S=1/2 ground states exhibiting small g- 
value anisotropy and chromophores in which all 
electronic transitions are of similar polarization. 
In the former case, the MCD magnetization data 
will be almost independent of the polarization of 
the transition [4]. The latter case is well illustrated 
by hemes where xy-polarized m-rm* transitions 
from the porphyrin dominate the UV-visible MCD 
spectrum [3]. To date no experimental studies 
have examined the change in MCD magnetization 
data as a function of the polarization of electronic 
transitions originating from a ground-state doub- 
let with large g-value anisotropy. Such ground- 
state doublets are commonly encountered with 
transition metal centers which have $>1/2 and 
significant zero field splitting. The ability to 
analyse MCD magnetization data from these types 
of ground state will be particularly important in 
investigating the electronic and magnetic proper- 
ties of a range of novel biological iron-sulfur 
clusters, e.g. P and M clusters in nitrogenase (S = 
5/2 and 3/2, respectively [7,11,12]), reduced [3Fe- 
xS] clusters (S = 2 (Refs. 5, 13 and the following 
paper [37])), reduced [4Fe-4S] clusters in 
nitrogenase Fe-protein (S$ = 1/2 or 3/2 depend- 
ing on solvent medium [14]), and in amidotrans- 
ferase (S > 1/2 [15)). 

In this and the following paper, we report and 
analyse MCD magnetization data for oxidized 
rubredoxin from Clostridium pasteurianum (S = 
5/2) and reduced [3Fe-xS] clusters (S = 2) in 
Azotobacter vinelandii and Thermus thermophilus 
ferredoxins. The data illustrate how MCD magne- 
tization data can be dramatically affected by the 
polarization of the electronic transition. Indeed 
MCD magnetization curves are shown to provide 
an effective method for estimating the polarization 
of electronic transitions even though the sample 
molecules are randomly orientated in a frozen 
glass. 

Rubredoxin was chosen for investigation, since 
it is one of the best-characterized of all metal- 
loproteins and therefore provides a suitable sam- 
ple for assessing the validity of the data analysis. 
The structure in the ground state has been studied 
by X-ray crystaliography to a resolution of 1.2 A 
[16,17], as well as by EXAFS [18] and resonance 
Raman spectroscopy [19-22]. Electronic ground- 


state parameters have been determined by EPR 
and Méssbauer spectroscopies [23-28] and the 
UV-visible spectrum has been assigned by 
polarized single-crystal studies [29] as well as CD 
[29,30] and MCD [29,31] investigations. In agree- 
ment with the polarized single-crystal absorption 
studies, analysis of MCD magnetization data re- 
ported here reveals distinct differences in the 
polarizations of the electronic transitions. The 
polarizations of the individual transitions are 
shown to be consistent with spectral assignments 
based on effective D,, symmetry. Estimates of the 
axial zero-field splitting parameter, D, were ob- 
tained by detailed studies of the temperature de- 
pendence at small applied fields. The values are 
compared with those from EPR and Méssbauer 
spectroscopies. 


Materials and Methods 


Materials. C. pasteurianum (ATCC 6013) was 
grown as previously described [32] and harvested 
in late log phase using a continuous-flow RC-5B 
Sorvall centrifuge. Rubredoxin was isolated 
according to the method described by Lovenberg 
[33] and the concentration was determined from 
the molar extinction coefficient at 380 nm (€3.5 = 
10700 M~!-cm~+). Samples for spectroscopic 
studies were in aqueous 0.15 M Tris-HCl buffer, 
pH 7.4, and contained 50% v/v ethylene glycol, 
which facilitates the formation of optical-quality 
glasses on freezing. 

Instrumentation. Absorption spectra were 
recorded on a Cary 219 spectrophotometer in 1 
mm quartz cuvettes. MCD spectra were measured 
with a JASCO JS500C spectropolarimeter fitted 
with an Oxford Instruments SM3 superconducting 
solenoid capable of generating magnetic fields up 
to 5 T and sample temperatures down to 1.5 K. 
Further experimental details, including sample 
temperature measurement and control and mag- 
netic field calibration, have been given elsewhere 
[34]. MCD spectra, corrected for natural CD, are 
expressed as Ae, which is the difference in the 
absorption coefficients for left and right circularly 
polarized light in units of mM~!-cm7?. The mag- 
netic fields are indicated in the figure legends. . 

EPR spectra were recorded on a Varian E-line 
X-band spectrometer interfaced to an Apple IIc 


microcomputer and fitted with an Air Products 
Helitrans low-temperature cryostat. 


Theoretical analysis of magnetization data 


The algebraic expression used in determining 
theoretical MCD magnetization data for a ran- 
domly orientated paramagnetic chromophore ex- 
hibiting axial symmetry is 


IBB 


Bu tanh( JRT 


)-a0 


Ae a° fZ cos76 sin 0 
j; T 





Aah sin tan( 727) -a0 ) (1) 


where Ae is the temperature-dependent MCD in- 
tensity after correcting for any temperature inde- 
pendent contributions, K is a collection of physi- 
cal constants, @ is the angle between the molecular 
z axis and the direction of the applied field, m, 
and m,, are the transition dipole moments for the 
molecular z and xy polarized transitions, respec- 
tively, and T = (g? cos?@+ g? sin’@)'/*. All other 
symbols have their usual meaning. This expression 
is derived from Eqn. 17 of Schatz et al. [10] and is 
applicable to a 1/2 — 1/2 electronic transition 
with axial symmetry. Clearly Eqn. 1 is the sum of 
two terms, the first of which is the contribution 
from the xy-polarized component and the second 
is the contribution from the z-polarized compo- 
nent. Since the sample consists of an assembly of 
molecules in a frozen glass, it is necessary to 
average over all angles by integration. This in- 
tegration cannot be performed analytically but 
may be readily accomplished numerically using a 
microcomputer. 

By inspection of Eqn. 1, it is apparent that 
magnetization data for an axial chromophore can 
vary as a function of the wavelength of measure- 
ment as a result of varying amounts of z- and 
xy-polarized transitions. However, there are three 
special cases where the form of the magnetization 
data will be independent of the wavelength of 
measurement. The first case is where the elec- 
tronic spectrum is dominated by transitions of a 
particular polarization, e.g. xy-polarized transi- 


tions from the porphyrin in hemes. In this in-. 


stance the second term in Egn. 1 can be neglected. 
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The second case is an isotropic doublet ground 
state, Le. g, =g, =g, in which case Eqn. 1 sim- 
plifies to a simple tanh function: 


Ae 12 _ | (2) 
y amyl 2V2 "P tanh| ST (2) 


The polarization ratio, m,/m,,, attenuates the 
MCD intensity but leaves the form of the magne- 
tization curve unaltered. Eqn. 2 is applicable for 
analysing magnetization data from S=1/2 
ground states with small g-value anisotropy. The 
third case is a ground-state doublet with g, #0 
and g, =0. Such a ground-state double can arise 
as a result of axial zero-field splitting of non- 
Kramers ground states with S> 0. In this case 
Eqn. 1 reduces to 


Ae fad : BBcos 8 
= = my i cos 6 sin @-tanh{ gy DkI )-a9 (3) 
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As expected, when g, = 0 all temperature-depen- 
dent MCD transitions from the ground state be- 
come xy-polarized and magnetization data should 
be invariant as a function of wavelength. 

Egns. 1, 2 and 3 are only rigorously valid for 
analysing MCD magnetization curves from 
paramagnetic chromophores with isolated S = 1/2 
ground states. Paramagnetic transition metal 
centers with S>1/2 are frequently subject to 
significant zero-field splitting which gives rise to 
low-lying excited states that can be thermally 
populated over the temperature range of the ex- 
periment. Such a situation is usually apparent by 
the non-coincidence or ‘nesting’ of magnetization 
curves measured at different temperatures [2]. 
Complete analysis of magnetization data for any 
S > 1/2 system has yet to be reported. It presents 
a complex theoretical problem which will require 
inclusion of field-induced mixing of zero-field 
components and many additional parameters, e.g. 
axial and rhombic zero-field splitting parameters 
and effective principal g values for each doublet. 
Here we will only attempt preliminary analysis of 
the data by fitting the magnetization data at the 
lowest temperature, so that only the lowest doub- 
let is significantly populated. Eqn. 1 can then be 
used to estimate effective g values and the polari- 
zation of the transitions from the lowest doublet. 
The assumptions implicit in this analysis should 
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Fig. 1. Zero-field splitting of an S=5/2 ground state with 
pure rhombic symmetry, E/D =1/3 


be emphasized. First, we are approximating the 
ground state to axial symmetry and assuming axial 
polarization of electronic transitions. Second, we 
are ignoring field-induced mixing of zero-field 
components. This assumption is only valid if the 
Zeeman splitting, gB, where g, is the g value 
in the Zeeman term of the spin Hamiltonian, is 
much less than the zero-field splitting. Third, we 
are assuming that only the lowest doublet is 
populated at 1.5 K, the lowest temperature availa- 
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ble in the present study. The latter two assump- 
tions can be experimentally tested by assessing the 
magnitude of the zero-field splitting by measuring 
the temperature dependence of MCD transitions 
at small magnetic fields [8]. 

It is of interest to evaluate Eqn. 1 for parame- 
ters that are relevant to the analysis of data for 
oxidized rubredoxin. Oxidized rubredoxin is in the 
high-spin ferric state (3d?, S=5/2), with the 
ground state being °A,. This state can be mixed by 
spin-orbit coupling with excited ligand field states, 
such as “T,, thereby splitting the degenerate spin 
sextet into three Kramers doublet zero-field com- 
ponents. This lifting of the ground-state spin de- 
generacy is described by the axial and rhombic 
zero-field splitting parameters, D and E, respec- 
tively, in the electronic spin Hamiltonian, H,: 


H, = goBB-S + D(S? - S(S+1)/3)+ E( S? - s$) (4) 


Analysis of the low-temperature EPR spectra of 
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Fig. 2 Theoretical MCD magnetization data Theoretical data calculated using equation 1, with gą, =968 and g, = 0.75. (a) 
m,/m,,=90, —0.2, -04, —0.6, —0 8, —1.0, —2.0, —50, —100, and ~100.0. (b) m,/m,, = 0, 0.2, 0.4, 06, 0.8, and 10 


a range of rubredoxins from a variety of bacteria 
indicates that the ground state has almost com- 
pletely rhombic symmetry (E/D = 1/3) [23-25]. 
For completely rhombic symmetry, the ground 
state is split into three Kramers doublets that are 
equally separated in energy by an amount (477 /3) 
D. Principal g values for each of these doublets 
are given in Fig. 1. The g-value anisotropy of the 
lowest doublet (g, = 9.68, g,=0.86, g,= 0.61) 
can be considered as axial to a good approxima- 
tion by averaging g, and g, to give g, (g, = 
(gz + 85)/27) and equating g, with g, 
Single-crystal polarized absorption studies [29] and 
previous low-temperature MCD investigations [31] 
concur in attributing the dominant splitting in the 
UV-visible absorption bands to predominantly 
axial distortion in the excited charge transfer state. 
Hence the assumption of axial polarized transi- 
tions appears to be valid to a first approximation. 
Bearing in mind these approximations, theoretical 
MCD magnetization curves for the lowest zero- 
field component in rubredoxin are shown in Fig. 2 
for polarization ratios, m,/m,,, varying between 
+1 and — 100. Since we have no knowledge of the 
absolute sign of the polarization ratio for a par- 
ticular MCD transition, it is necessary to consider 
both positive and negative values. The data are 
plotted in terms of percentage magnetization 
(MCD intensity as a percentage of the maximum 
intensity), since we are generally unable to evaluate 
the transition dipole moments and hence predict 
the absolute intensity of MCD transitions. 

Fig. 2 clearly demonstrates that MCD magneti- 
zation data for ground states with large g-value 
anisotropy are critically dependent on the polari- 
zation of the electronic transition. When the z- 
polarized and xy-polarized components have the 
opposite sign, i.e, m,/m,,<0, Fig. 2(a), the 
initial slope of the magnetization curve decreases 
as the relative amount of the z-polarized compo- 
nent increases. In contrast, when the z-polarized 
and xy-polarized components have the same sign, 
i.e. m,/m,,> 0, Fig. 2(b), the unusual situation 
arises whereby the magnetization curve reaches a 
maximum and then decreases with increasing 
BB/2kT. Such a situation has been experimen- 
tally observed for the reduced [3Fe-xS] cluster in 
Azotobacter vinelandii ferredoxin I (see the follow- 


ing paper [37)). 
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Results 


Fig. 3 shows the room-temperature absorption 
spectrum and MCD spectra recorded at 1.55, 4.22, 
7.2, 11.0 and 20.0 K and 4.5 tesla for oxidized 
rubredoxin from C. pasteurianum. Six tempera- 
ture-dependent MCD bands (C-terms) are re- 
solved in the wavelength region 330—650 nm. MCD 
magnetization data were collected at the peak 
maxima of each MCD transition at temperatures 
between 1.55 and 140 K and magnetic fields be- 
tween 0 and 4.5 tesla. Magnetization plots at 400, 
466, 501 and 555 nm are shown in Fig. 4. The 
magnetization plots at 344 and 370 nm (not shown) 
closely resemble those at 555 and 501 nm, respec- 
tively. The presence of low-lying zero-field compo- 
nents that become thermally populated with in- 
creasing temperature is indicated by the nesting of 
the magnetization data which is apparent at all 
wavelengths investigated. The pronounced dif- 
ferences in the magnetization plots as a function 
of wavelength are attributed to differences in the 
polarization of the electronic transitions. 

To proceed further in analysing the magnetiza- 





Fig. 3. Low-temperature MCD and room-temperature absorp- 
tion spectra of oxidized C. pasteurianum rmubredoxin Sample 
concentration was 0.034 mM, in 0.15 M Tns-HClI buffer, pH 
74, containing 50% v/v ethylene glycol Upper spectrum. 
room-temperature absorption. Lower spectrum: MCD re- 
corded at 1.55, 422, 7.2, 11.0 and 200 K (intensity of all 
transitions increasing with decreasing temperature) at a mag- 
netic field of 45 tesla, pathlength = 0169 cm. 
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Fig 4. MCD magnetization data for oxidized C. pasteurranum rubredoxin Sample as used in Fig 2. Wavelengths as indicated on 
figure. 1 55 K (+) and 4.22 K (X) at magnetic fields between 0 and 4.5 tesla, various temperatures between 7 2 and 140 K at 4.5 tesla 
(O). Solid lines indicate theoretical fits to the data at 155 K, g, =94 and g, =107, m,/m,, = —100.0 (at 555 nm), 01 (at 501 


nm), —0 3 (466 nm), and —0.1 (at 400 nm). 


tion data, we require effective g values for the 
lowest doublet and an estimation of the magni- 
tude of the zero-field splitting. To this end, EPR 
spectra for the samples of oxidized rubredoxin 
used in the MCD investigations were recorded in 
the temperature range 8 to 70 K. The spectra 
consist of a resonance at g = 9.4 (observable only 
up to 15 K) from the lowest doublet and a broad 
resonance with maxima, cross-over, and minima at 
g = 4.7, 4.3 and 4.0 from the middle doublet (data 
not shown). The spectra are identical to those 
previously reported for oxidized rubredoxin from 
C. pasteurianum [26,35], showing that the presence 
of ethylene glycol does not alter the ground-state 
properties. The EPR spectrum is also very similar 
to that of the oxidized rubredoxin from Pseudo- 


monas oleovorans, for which the high-field compo- 
nents of the lowest doublet are also observable at 
g = 1.22 and 0.90 [23]. Using the effective g val- 
ues of the lower and middle doublets, a value of 
E/D = 0.28 was inferred, and from the tempera- 
ture dependence of the relative intensity of the 
signals from the two doublets, a value of D = 1.76 
cm~! was calculated. For oxidized rubredoxin 
from C. pasteurianum, where the high-field reso- 
nances from the lowest doublet have not been 
observed, Shultz [26] determined E/D = 0.25 and 
D=1.4 cm7 from EPR simulations which al- 
lowed for contributions from g-strain to the line- 
width. Therefore, from the available EPR data, we 
conclude that only the lowest doublet will be 
significantly populated at 1.55 K and that it should 
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Fig. 5. MCD temperature dependence of oxidized rubredoxin 
Magnetic field = 0.24 tesla. (a) 400 nm, (b) 501 nm. Circles are 
experimental data Solid lines are the best fit to the data and 
the individual contributions from each of the three doublets (0, 
* and A indicate contributions from lowest, middle and upper 
doublets, respectively) Individual contributions are plotted as 
positive quantities irrespective of the sign of c Parameters 
used in best fits: (a) D=14 em™}, ¢,=711, ce. = 950, c3 = 
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be possible to fit the magnetization data at this 
temperature to Eqn. 1, using g, = 9.4 and g, = 
1.07, to obtain estimates of the polarization ratio, 
m,/m,,. Fig. 4 shows that this is indeed the case. 
The best fits are shown by solid lines and the 
corresponding values of m,/m,, are given in the 
figure caption. Clearly the transitions at 370, 501, 
466 and 400 nm are all predominantly xy- 
polarized, since the absolute value of the polariza- 
tion ratio does not exceed 0.3 in any instance. In 
contrast, the transitions at 344 and 555 nm are 
almost exclusively z-polarized. The data shown in 
Fig. 4 serve to illustrate that the form of the 
magnetization data from an S > 1/2 ground state 
can be dramatically affected by the polarization of 
the transition and that great care must be ex- 
ercised in using MCD magnetization to determine 
the ground-state spin of an unknown sample: 

Since the transitions at 501 and 400 nm were 
found to be almost exclusively xy-polarized, de- 
tailed studies of the temperature dependence (1.7 
to 100 K) of the MCD intensity at these wave- 
lengths were carried out to determine the magni- 
tude of the axial zero-field splitting parameter, D 
(see Fig. 5). Our analysis closely follows that 
described by Browett et al. [8] for the $= 5/2 
ground state of a high-spin tron porphyrin com- 
plex. In the Curie law limit (i.e. when the MCD 
intensity is a linear function of B/T), the MCD 
intensity, A.A, can be expressed as a sum of con- 
tributions from the C-terms originating from each 
doublet: 


3 
C; 
AA = (E gata be (5) 
where c, and a, are the C-term contributions and 
the fractional populations of the ith doublet, re- 
spectively, and d is the diamagnetic, temperature- 
independent contribution from A- and B-terms. 


Assuming completely rhombic ground-state sym- 
metry, i.e. E/D = 0.33 (see Fig. 1), the fractional 


— 939; (b) D=14 cm™', c,=1029, c, = 839, c, = —528 (c 


values are in arbitrary units and indicate only the relative 
values of the C-terms) 


78 


populations of the three doublets are given by: 
a =1/(1 +e73 SET per TOUT RIY 
a,=e 3 PRET GG. +e73 COLNE degre CREAT S (6) 


ag = e77 0D/kT j] e73 5D/kT 4 9-7 OD/kT) 


Studies of the MCD intensity at magnetic fields of 
4.5 tesla and temperatures up to 150 K indicate 
that diamagnetic contributions are negligible com- 
pared to the paramagnetic contributions and thus 
d can be ignored in Eqn. 5. A magnetic field of 
0.24 tesla was chosen for the study of the tempera- 
ture dependence, since the MCD intensity at both 
wavelengths was observed to be linear as a func- 
tion of applied magnetic field up to 0.4 tesla at 1.7 
K. The experimental data were fit to Eqn. 5 using 
non-linear least-squares with c}, c,, c, and D as 
parameters. Our best fits to the experimental data 
and the contributions from the three ground-state 
doublets are shown in Fig. 5. At both wavelengths 
optimal fits were obtained for D=1.4 cm@1. 
However, the theoretical curves are not particu- 
larly sensitive to the values of D and satisfactory 
fits that are within the experimental uncertainty of 
the data points are possible with values ranging 
from 1.0 to 2.0 cm™}, 


Discussion 


The low-temperature MCD spectra and magne- 
tization data reported in this work are consistent 
with the analysis of the optical spectrum made by 
Faton and Lovenberg on the basis of polarized 
single-crystal absorption and room-temperature 
MCD studies [29]. The visible spectrum in the 
region 330 to 650 nm was assigned to two allowed 
S — Fe(III) charge transfer transitions, being °A, 
—°T, of tetrahedral parentage, each spanning a 
range 650—430 nm and 430-330 nm. The assign- 
ment of a °A, > °T, transition to the bands in the 
region 430-330 nm was questioned by Rivoal et 
al. [31], since four temperature-dependent transi- 
tions were resolved in this region of the low-tem- 
perature MCD spectrum. However, we have been 
unable to observe the shoulder to the low-wave- 
length side of the negative MCD band at 400 nm 
that was reported by these workers. It seems likely 
that this additional band may be attributed to the 


glass sample cell, since subsequent low-tempera- 
ture MCD investigations by the same group re- 
ported a negative, temperature-dependent MCD 
band centered at 375 nm that originated from 
glass [36]. 

Eaton and Lovenberg attributed the observed 
splitting in each of the two charge transfer transi- 
tions to a predominant axial distortion in the 
excited state resulting in effective D,, symmetry 
[29]. Low-temperature MCD studies confirmed 
that this splitting is primarily due to a static 
distortion rather than spin-orbit coupling in the 
excited state [31]. Based on differences in polariza- 
tion and the form of the MCD spectrum, the 
visible absorption bands centered at 382 and 495 
nm were assigned to °A, >E and those at 347 
and 565 nm to °A, >°B, under D,, symmetry. 
Each of the two °A, >°E transitions appears in 
the low-temperature MCD spectrum as two over- 
lapping C-terms of opposite sign. This occurs quite 
generally in systems with orbitally non-degenerate, 
spin-degenerate ground states when the transition 
is to an orbitally degenerate, spin-degenerate ex- 
cited state that is split by spin-orbit coupling. As 
predicted for this assignment, polarized single- 
crystal absorption measurements showed markedly 
different polarization ratios, with respect to the 
crystallographic axes, for each of the components 
of the parent transitions. The MCD magnetization 
data reported here enable estimates to be made of 
the polarization ratios in terms of their molecular 
axes rather than the crystallographic axes. The 
results are entirely consistent with the above as- 
signments. From symmetry considerations the °A, 
—°B, transitions that exhibit MCD maxima at 
344 and 555 nm would be expected to be .z- 
polarized, whereas the °A, >°E transitions that 
exhibit MCD maxima at 370, 400, 466 and 501 
nm would be expected to be xy-polarized, under 
D,a symmetry. 

It should be emphasized that D,, is the effec- 
tive optical symmetry of the chromophore. For the 
excited states, the form of the optical spectrum 
does indicate that the axial distortion far out- 
weighs any rhombic component [29,31]. However, 
based on the currently available EPR (see above), 
resonance Raman [22], and X-ray crystallographic 
[16,17] data, the ground-state geometry must be 
lower than D,,. 


For transitions of unique polarization, MCD 
spectroscopy offers an independent means of 
assessing the magnitude of the zero-field splittings 
for magnetically dilute chromophores which is not 
sensitive to relaxation effects. In the case of 
rubredoxin, the temperature dependence of the 
MCD intensity was not particularly sensitive to 
the value of the axial zero-field splitting parame- 
ter, D. Nevertheless, the range of values that are 
consistent with the observed temperature depen- 
dence, 1 cm~!< D <2 cm™?, does encompass the 
values derived from both EPR and Mössbauer 
investigations for C. pasteurianum rubredoxin, D 
= 1.4 to 1.74 cm™! [25,26]. There are currently 
very few examples of the use of variable-tempera- 
ture MCD spectroscopy to determine zero-field 
splitting parameters. The present work illustrates 
that reliable, albeit approximate, values can be 
obtained provided some knowledge ‘of the polari- 
zation of the transitions is available: This method 
of determining zero-field parameters is particu- 
larly useful for investigating EPR-silent, non- 
Kramers ground states (e.g. reduced [3Fe-xS] clus- 
ters; see the following paper [37}). 

In summary, the results presented here provide 
experimental evidence that MCD magnetization 
data are critically dependent on the polarization 
of an electronic transition from a‘ ground state 
with large g-value anisotropy. Furthermore, analy- 
sis of the data affords insight into the molecular 
transition polarization for chromophores with axial 
symmetry. The technique is likely to become in- 
creasingly important for establishing ground-state 
parameters, as well as assigning the nature and 
polarization of electronic transitions in metal- 
loproteins. 
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The seven-iron-containing ferredoxins from Azotobacter vinelandii and Thermus thermophilus have been 
investigated by low-temperature magnetic circular dichroism (MCD) and electron paramagnetic resonance 
(EPR) spectroscopies and room temperature ultraviolet-visible absorption spectroscopy. The results confirm 
the presence of one trinuclear and one tetranuclear iron-sulfur cluster in both ferredoxins and facilitate 
comparison of the electronic and magnetic properties of the oxidized and reduced [3Fe-xS] clusters. MCD 
magnetization data are consistent with an S=2 ground state for both reduced [3Fe-xS] clusters, but 
indicate differences in the rhombicity of the zero-field splittings. The data permit rationalization of the 
absence of a AM=4 EPR transition for the reduced [3Fe-xS] cluster in A. vinelandii ferredoxin I. 
Spectroscopic studies of anaerobically isolated A. vinelandii ferredoxin I do not support the hypothesis that 
the [3Fe-xS] cluster arises as a result of aerial oxidative damage to a [4Fe-4S] cluster during isolation. The 
possibility that two distinct forms of [3Fe-xS] clusters can exist in A. vinelandii ferredoxin I was 
investigated by spectroscopic studies as a function of pH. The results reveal two distinct and interconvertible 
forms of the reduced [3Fe-xS] cluster, but do not permit rationalization of the inconsistencies in the 
structural data that have been reported for the oxidized clusters. 


Introduction sulfur proteins. The structure of A. vinelandii FdI 
(using the nomenclature of Yoch and Arnon [2]) 

The ferredoxins (Fd) that have been isolated has been determined to a resolution of 2 A [5,6] 
from the nitrogen-fixing bacterium Azotobacter and Mossbauer, EPR and resonance Raman spec- 
vinelandu [1,2] and the thermophilic bacterium troscopies [7-9] indicate analogous iron-sulfur 
Thermus thermophilus [3,4] are currently the best- cluster compositions for the aerobically isolated 
characterized examples of 7Fe-containing iron- proteins, i.e. one 3Fe-containing cluster and one 


cubane-type [4Fe-4S] center. 

The structure of the 3Fe-containing cluster in 
these ferredoxins is still controversial despite the 
X-ray crystallographic data for A. vinelandii Fadl. 
The X-ray structure determination indicates an 
Correspondence: Dr. M.K, Johnson, Department of Chem- approximately planar [3Fe-3S] core, with Fe-Fe 
istry, University of Georgia, Athens, GA 30602, U.S A distances close to 4.1 A. Approximate tetrahedral 


Abbreviations: Fd, ferredoxin; EXAFS, extended X-ray ab- 
sorption fine structure; MCD, magnetic circular dichroism 
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coordination about each Fe is completed by 5 
cysteine residues and one other ligand, possibly 
H,O. In contrast, EXAFS data for the 3Fe clus- 
ters in Desulfovibrio gigas FdII [10], aconitase [11] 
and in [4Fe-4S]-cluster-depleted A. vinelandii Fdl 
[12] indicate Fe--Fe distances of approximately 2.7 
A. Moreover, resonance Raman studies of the 
oxidized 3Fe clusters in A. vinelandii Fadl, T. 
thermophilus Fd, D. gigas FdII and aconitase 
[9,13], as well as analytical data for D. gigas Fdal 
and aconitase [11], indicate a cluster of stoichio- 
metric [3Fe-4S] with a structure based on that of a 
cubane cluster minus one Fe. In view of the 
current uncertainty in the structure, we will refer 
to these centers as [3Fe-xS] clusters where x = 3 
or 4. 

As judged by the currently available Méssbauer, 
EPR and resonance Raman data [7-9], the [3Fe- 
xS] clusters in A. vinelandii FdI and T. thermo- 
philus Fd appear to be very similar in terms of 
their structural, magnetic and electronic proper- 
ties. The observed difference in their redox poten- 
tials (—250 mV for T. thermophilus Fd [3] and 
—420 mV for A. vinelandii FdI [2,14]) is, there- 
fore, most probably attributable to differences in 
protein environment. Stephens et al. have recently 
reported that reconstitution of A. vinelandu FdI 
apoprotein with Fe(II) and sulfide results in the 
formation of an 8Fe Fd containing two [4Fe- 
4S]**4+ clusters [15], and that dithionite reduc- 
tion of the aerobically isolated protein at pH 9.0 
results in conversion of the [3Fe-xS] cluster to a 
[4Fe-4S]'* cluster [16]. These results raise the 
possibility that the [3Fe-xS] clusters in A. vine- 
landii Fdl and T. thermophilus Fd may be artifacts, 
produced by oxidative degradation of a [4Fe-4S] 
cluster during purification [15,16]. 

The [4Fe-4S]"* centers in both Fds are now 
believed to be of the low-potential type, cycling 
between the n = 2+ and 1 + redox states [8,16,17]. 
In T. thermophilus Fd the [4Fe-4S] cluster has a 
redox potential of —530 mV [3]. This cluster can 
be reduced with dithionite to give a complex EPR 
signal with g,, = 1.94 that has been attributed to 
the S = 1/2 [4Fe-4S]/* interacting via weak spin- 
spin interaction with the S= 2 reduced [3Fe-xS] 
cluster [18]. Since a similar EPR signal is not 
observed on dithionite reduction of A. vinelandit 


Fd I at neutral pH, the midpoint potential of the 
[4Fe-4S] cluster must be lower than — 530 mV in 
this Fd [16,17]. Recently, Stephens et al. have 
reported a g „= 1.94 EPR signal from the reduced 
[4Fe-4S] cluster in A. vinelandii FdlI in samples 
reduced by dithionite at pH 9.0 (16). Unfor- 
tunately this treatment also results in partial de- 
struction of the constituent iron-sulfur clusters. 
The [4Fe-4S] clusters in these ferredoxins also 
differ in their reaction with oxidizing agents such 
as ferricyanide. For A. vinelandii Fdl, ferricyanide 
treatment is reported to result in a novel three- 
electron oxidation of the [4Fe-4S]?* cluster, lead- 
ing to the formation of an EPR-active radical 
species, most probably a cysteinyldisulfide radical 
[17]. Prolonged incubation with ferricyanide (> 3- 
fold stoichiometric excess) causes selective oxida- 
tive destruction of the [4Fe-48] cluster [19]. In 
contrast, T. thermophilus Fd is reported to be very 
resistant to oxidative degradation [3,20]. Proton 
NMR studies of samples of dithionite-reduced T. 
thermophilus Fd after treatment with excess solid 
ferricyanide have been interpreted in terms of 
conversion of the [4Fe-4S]?* cluster to a [3Fe-xS] 
cluster [20]. 

We report here a comparative study of the 
oxidized and reduced iron-sulfur centers in A. 
vinelandii Fdl and T. thermophilus Fd using low- 
temperature magnetic circular dichroism (MCD) 
and EPR, and room-temperature UV-visible ab- 
sorption spectroscopies. The results confirm the 
currently accepted iron-sulfur cluster composition 
of both ferredoxins and facilitate a critical com- 
parison of the spectroscopic and electronic 
ground-state properties of the [3Fe-xS] clusters. 
MCD magnetization studies of the reduced [3Fe- 
xS] clusters indicate S=2 ground states in both 
ferredoxins, and reveal differences in the zero-field 
splittings that permit rationalization of EPR data. 
We also report spectroscopic studies of anaerobi- 
cally isolated A. vinelandii FdI and of the aerobi- 
cally isolated ferredoxins as a function of pH. The 
results provide additional information concerning 
the possibility of cluster conversion during aerobic 
isolation and address the question of whether more 
than one type of [3Fe-xS] cluster can exist in the 
same polypeptide under different conditions. 


Materials and Methods 


Materials. A. vinelandit FdI and T. thermophilus 
Fd were isolated and purified by the published 
procedures [8,21]. Samples used in this work had 
400/280 nm absorbance ratios of 0.62 and 0.57 
for T. thermophilus Fd and A. vinelandii Fadl, 
respectively. A. vinelandii Fd was also purified 
anaerobically by an analogous procedure, using 
degassed buffers, with all operations being per- 
formed inside a Vacuum Atmospheres glove box 
under argon (<1 ppm O,). The sample con- 
centrations used in quantifying both the EPR and 
the MCD spectra were based on the published 
molar extinction coefficients for the ferredoxins as 
isolated: £499 = 28140 M~!-cm™? for T. thermo- 
philus Fd [8] and £4% = 29800 M~*-cm7! for A. 
vinelandii FdI [17]. Samples for spectroscopic 
studies were in buffer solutions (see figure legends 
for details), and contained 50% v/v ethylene gly- 
col, which facilitates the formation of optical-qual- 
ity glasses on freezing. All dithionite reductions 
were carried out anaerobically in a glove box and 
the pH of the samples was measured after ad- 
dition of both dithionite and ethylene glycol. 

Instrumentation. Absorption spectra were re- 
corded on a Cary 219 spectrophotometer in 1 mm 
quartz cuvettes. MCD spectra were measured with 
a Jasco J500C spectropolarimeter fitted with an 
Oxford Instruments SM3 superconducting 
solenoid capable of generating magnetic fields up 
to 5 T and sample temperatures down to 1.5 K. 
Further experimental details, including sample 
temperature measurement and control, and mag- 
netic field calibration, have been described 
elsewhere [22]. MCD spectra, corrected for natural 
CD, are expressed as Ae, which is the difference in 
the absorption coefficients for left and right cir- 
cularly polarized light in units of M7!-cm7+. The 
magnetic fields and sample temperatures are indi- 
cated in the figure legends. EPR: spectra were 
recorded on a Varian E-line X-band spectrometer 
interfaced to an Apple IIc microcomputer and 
fitted with an Air Products Helitrans low-temper- 
ature cryostat. The spectra were quantified by 


double integration according to the published pro-` 


cedures [23] using 1 mM metmyoglobin cyanide as 
standard. Care was taken to ensure that both 
sample and standard were under non-saturating 
conditions for all spin quantitations. 
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Results 


Fig. 1 shows the room-temperature absorption 
spectra for the samples of T. thermophilus Fd and 
A, vinelandii FdI used in: the EPR and MCD 
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Fig. 1 Room-temperature UV-visible absorption spectra of T 
thermophilus Fd and A. vinelandu Fd]. Upper panel T. ther- 
mophilus Fd as isolated ( ), partially reduced (— ——), 
and fully reduced (----- j} in 100 mM potassium phosphate 
buffer, pH 7.8, with 50% v/v ethylene glycol. Partial reduction 
was accomplished by anaerobic addition of a 10-fold excess of 
sodium dithionite to sample containing ethylene glycol. Com- 
plete reduction was accomplished by anaerobic addition of 
excess solid sodium dithionite to sample prior to anaerobic 
addition of ethylene glycol Sample concentration was 0.306 
mM for as 1solated and partially reduced, and 0215 mM for 
fully reduced Lower panel: A vmelandu FdI as isolated 
( ), and partially reduced (—- — —) in 100 mM Tris-HCI 
buffer, pH 7.8, with 50% v/v ethylene glycol Partial reduction 
was accomplished by anaerobic addition of a 10-fold excess of 
sodium dithionite to sample containing ethylene glycol. Sample 
concentration was 0.181 mM. 
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investigations. Depending on the conditions of 
reduction by dithionite, two stable reduced states 
were obtainable for 7. thermophilus Fd, Anaerobic 
addition of dithionite (up to a 100-fold excess) to 
samples containing 50% v/v ethylene glycol re- 
sulted in a stable, partially reduced sample 
(A eg/Aox = 0.84 at 400 nm), whereas addition of 
dithionite (> 4-fold excess) prior to addition of 
ethylene glycol resulted in a more reduced sample 
(Aea ox = 9.69 at 400 nm). The absorption 
changes are consistent with those attributed to the 
partially reduced (reduced [3Fe-xS], [4Fe-4S]?*) 
and fully reduced (reduced [3Fe-xS], [4Fe-4S]'*) 
Fd by Hille et al. [8], in a combined optical / EPR 
reductive titration with dithionite. This method of 
producing a stable one-electron-reduced state 
offers a considerable simplification compared to 
reduction by NADPH in the presence of a cata- 
lytic amount of ferredoxin: NADP* reductase [8]. 
In contrast, dithionite reduction of A. vinelandii 
FdI at pH 7.8, in the presence or absence of 
ethylene glycol, invariably produced the partially 
reduced (reduced [3Fe-xS], [4Fe-4S]**) sample 
(A 4/4 -x = 0.84 at 400 nm), irrespective of the 
excess of dithionite. This is consistent with a re- 
dox potential of < —600 mV for the [4Fe-4§] 
cluster in A. vinelandit FdI [16,17]. 


EPR and MCD studies of T. thermophilus Fd and 
A. vinelandii FdI, as isolated and after treatment 
with ferricyanide 

EPR spectra of T. thermophilus Fd and A. 
vinelandii Fdl, recorded at 11 K, are shown in Fig. 
2. While the signal from T. thermophilus exhibits 
greater anisotropy, both EPR spectra are char- 
acteristic of oxidized [3Fe-xS] clusters, i.e. a sharp 
peak at g=2.02 and a relatively structureless, 
broad feature to higher field [24]. The forms of the 
EPR spectra were invariant as a function of pH 
over the range 6.3 to 8.5. Power saturation studies 
indicate that the cluster in A. vinelandii Fdl has 
slower spin relaxation, but relative to other types 
of iron-sulfur cluster they both exhibit rapid re- 
laxation, being observed only at temperatures be- 
low 30 K. At 12 K, the EPR signals begin to 
saturate at microwave powers greater than 2 mW 
and 10 mW for A. vinelandit FdI and T. thermo- 
Philus Fd, respectively. 

Quantitation of the EPR signals in Fig. 2 af- 
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Fig. 2. X-band EPR spectra of T. thermophilus Fd and A 
vinelandu FdI, as isolated. Samples were identical to those 
used in Fig 1. Temperature 11 K, microwave power 1 mW, 


modulation amplitude 063 mT, microwave frequency 9.017 
GHz 


fords 0.7+0.1 spin/molecule for A. vinelandit 
FdI and 1.0+0.1 spin/molecule for T. thermo- 
philus Fd. Anaerobically isolated A. vinelandii Fdl 
exhibited an EPR signal identical to that of the 
aerobically isolated protein, except for a slightly 
higher spin quantitation. We conclude that both 
proteins contain approximately one [3Fe-xS] clus- 
ter and that this cluster is not generated by aerial 
oxidative damage during isolation. 

Fig. 3 shows the low-temperature MCD spectra 
of the as-isolated ferredoxins at temperatures be- 
tween 1.55 K and 16.5 K and at a magnetic field 
of 4.5 T. The spectrum of A. vinelandii FdI is 
identical to that reported previously by Morgan et 
al. [17]. No change in the MCD spectra of either 
ferredoxin was observed over the pH range 6.3 to 
8.5. The complexity of the low-temperature MCD 
spectra contrast sharply with the broad featureless 
absorption spectra, and serve to indicate the mul- 
tiplicity of electronic excited states. Although as- 
signment of the low-temperature MCD spectra 
has yet to be achieved for any iron-sulfur cluster, 
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Fig. 3. Low-temperature MCD spectra of T. thermophilus Fd 
and A. vinelandu Fdl, as isolated Samples were identical to 
those used in Fig 1 Upper panel: as-isolated 7. thermophilus 
Fd, temperatures 1.55 K, 422 K, 9.0 K and 16 5 K, pathlength 
0.163 cm, magnetic field 45 T. Lower panel: as-isolated A. 
vinelandu FdI, temperatures 155 K, 4.22 K and 14.7 K, 
pathlength 0.156 cm, magnetic field 45 T MCD intensity at 
all wavelengths increases with decreasing temperature for both 
samples. 


the spectra are useful as fingerprints of cluster 
type. As illustrated by Fig. 3, below 550 nm all 
oxidized [3Fe-xS] clusters characterized thus far 
have a similar pattern of MCD transitions that are 
attributable to S — Fe(III) charge transfer bands. 
Other examples include aconitase [25], Azoto- 
bacter chroococcum Fd [25], D. gigas FdII [26], D. 
gigas hydrogenase [27], E. col: nitrate reductase 
[28] and fumarate reductase [29], and ferricyanide- 
treated Clostridium pasteurianum Fd [30]. 

All the MCD transitions exhibited by as-iso- 
lated A. vinelandii FdI and T. thermophilus Fd 
show pronounced temperature dependence which 
is indicative of a paramagnetic, spin-degenerate 
ground state. To determine the :nature of the 
ground state, magnetization curves were con- 
structed [31] at wavelengths corresponding to each 
of the major bands in the spectrum. The plots at 
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Fig 4. MCD magnetization plots for T thermophilus Fd and 
A vinelandu Fadl, as isolated Conditions of measurement were 
the same as those used in Fig. 3 except for the magnetic field 
Upper panel: as-isolated T. thermophilus Td, wavelength 343 
nm. Lower panel: as-isolated A. vinelandn Fadl, wavelength 
343 nm. Temperatures 155 K (Xx), 422 K (a), 9-100 K (@); 
magnetic fields between 0 and 4.5 T for 1.55 K and 422 K 
data and 4.5 T for 9-100 K data. Solid lines are theoretical 
magnetization plots for Z,.otropic = 2-01. 


all wavelengths were identical within experimental 
error and representative data are shown in Fig. 4. 
All the experimental points lie on the same curve 
irrespective of the temperature of measurement, 
showing that the ground state is an isolated 
Kramers doublet and that no excited states are 
thermally accessible over the temperature range of 
the experiment. Since ‘the experimental data are 
well fit by theoretical curves constructed for 
S:sotrope = 2-01, we conclude that all transitions are 
originating from the S = 1/2 ground state that is 


86 


responsible for the EPR signal. This conclusion is 
in accord with the observation that the intensities 
of the MCD signals of these two ferredoxins, 
normalized for differences in concentration, path- 
length and depolarization of the light beam, corre- 
late well with the observed EPR spin quantita- 
tions. 

The effect of ferricyanide on the UV-visible 
CD, MCD and EPR spectral properties of A. 
vinelandii FdI have been extensively investigated 
by Stephens et al. [12,17,19], and these experi- 
ments were not repeated in the present work. In 
contrast to A. vinelandii Fdl, but in accord with 
previous spectroscopic studies [3,20], T. thermo- 
philus Fd was found to be extremely resistant to 
ferricyanide oxidation. The EPR and MCD prop- 
erties of T. thermophilus Fd were found to be 
unchanged after a 2-h incubation at room temper- 
ature with a 5-fold stoichiometric excess of ferri- 
cyanide. 


EPR and MCD studies of partially reduced A. 
vinelandii FdI and T. thermophilus Fd 

Anaerobic reduction of A. vinelandii FdI and 
T. thermophilus Fd with a 10-fold excess of di- 
thionite, at pH 7.8 and in the presence of 50% 
ethylene glycol, results in almost complete loss of 
the g= 2.02 EPR signal (< 2% of original inten- 
sity) in both cases. No additional EPR signals 
were apparent for the reduced sample of A. vine- 
landii FdI. In contrast, an extremely broad and 
weak signal appears at low field in the X-band 
EPR spectrum of reduced T. thermophilus Fd (data 
not shown). The resultant spectrum was identical 
to that reported previously by Hagen et al. [18] for 
the one-electron-reduced ferredoxin, and is attri- 
buted to a AM=4 transition between the M, = 
+2 components of the S = 2 ground state of the 
reduced [3Fe-xS] cluster [18]. 

Low-temperature MCD spectra at temperatures 
between 1.57 K and 24.5 K and a magnetic field 
of 4.5 T for the partially reduced (reduced [3Fe- 
xS], [4Fe-4S]?*) ferredoxins at pH 7.8 are shown 
in Fig. 5. As is the case for the as-isolated pro- 
teins, the [4Fe-4S]?* clusters are diamagnetic at 
low temperature and thus do not contribute to the 
temperature dependence of the MCD spectra. The 
MCD spectra, therefore, originate almost exclu- 
sively from the paramagnetic reduced [3Fe-xS] 
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Fig. 5 Low-temperature MCD spectra of partially reduced 7. 
thermophilus Fd and A. vinelandu FdI. Samples were identical 
to those used in Fig. 1. Upper panel: partially reduced 7 
thermophilus Fd, temperatures 1.57 K, 4.22 K, 10.9 K and 24 5 
K, pathlength 0.158 cm, magnetic field 4.5 K, Lower panel: 
partially reduced A. vinelandu Fdl, temperatures 1.60 K, 4.22 
K and 15.3 K, pathlength 0.164 cm, magnetic field 45 T MCD 
intensity at all wavelengths increases with decreasing tempera- 
ture for both samples. 


clusters. The forms of the MCD spectra are re- 
markably similar to each other and to those of 
other reduced [3Fe-xS] clusters (e.g. in D. gigas 
FdII [26,32], A. chroococcum Fd [32], aconitase 
[25], mammalian succinate dehydrogenase [22], D. 
gigas hydrogenase [27], E. coli fumarate reductase 
[29] and nitrate reductase [28]). Moreover, the 
intensities of the low-temperature MCD spectra 
together with the absence of EPR signals attribu- 
table to [4Fe-4S]'* clusters are consistent with 
reduction of the [3Fe-xS] centers occurring without 
any cluster conversion to yield [4Fe-48] centers. 
The observed difference in the [3Fe-xS] content of 
the ferredoxins, as indicated by the spin quanti- 
tations of the as isolated samples, is mirrored by 
the MCD intensities of the reduced [3Fe-xS] clus- 
ters. 

In an attempt to probe the electronic ground- 
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Fig. 6. MCD magnetization plots for partially reduced T. 
thermophilus Fd Conditions of measurement were the same as 
those used in Fig 5, except for temperatures and magnetic 
fields. Wavelengths 705 nm, 420 nm and 377 nm; temperatures 
1.57 K (X), 4.22 (a), 9-100 K (@); magnetic fields between 0 
and 4.5 T for 1.57 K and 422 K data, and 4.5 T for 9-100 K 
data. Solid lines are the theoretical magnetization curves for 
gı =8.0 and g, = 0. 
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Fig. 7. MCD magnetization plots for partially reduced A. 
vinelandu FdI. Conditions of measurement were the same as 
those used in Fig 5, except for temperatures and magnetic 
fields Wavelengths 690 nm, 440 nm and 380 nm; temperatures 
1.60 K (X), 4.22 K (a), 10-100 K (@); magnetic fields between 
0 and 4.5 T for the 1.60 K and 4.22 K data, and 4.5 T for 
10-100 K data. Solid lines are theoretical magnetization curves 
for g,=6.5 and g, =0.6 with m,/m,,=0.35 (690 nm), 
~ 1.4 (440 nm), and 0.5 (380 nm). 
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state properties of the reduced [3Fe-xS] clusters, 
MCD magnetization data were recorded for the 
partially reduced ferredoxins at the peak maxima 
of each of the major bands. Magnetization data 
for partially reduced T. thermophilus Fd recorded 
at 705 nm, 420 nm and 377 nm are shown in Fig. 
6 and equivalent data for partially reduced A. 
vinelandii FdI recorded at 690 nm, 440 nm and 
380 nm are shown in Fig. 7. The non-coincidence 
or ‘nesting’ of the magnetization curves measured 
at different temperatures that is observed at all 
wavelengths for both samples is indicative of a 
ground state with S>1/2 with significant zero- 
field splitting such that low-lying energy levels can 
become thermally populated over the temperature 
range of the experiment. The pronounced dif- 
ferences in the MCD magnetization data shown in 
Figs. 6 and 7 suggest substantial differences in the 
ground-state zero-field splitting of the two re- 
duced [3Fe-xS] clusters. 

We have undertaken a preliminary analysis of 
the magnetization data by fitting only the lowest- 
temperature data to theoretical expressions de- 
rived for an S=1/2 doublet and ignoring field- 
induced mixing of zero-field components. The 
limitations of this procedure and the nature of the 
theoretical expressions are discussed in more de- 
tail in the preceding paper [39]. 

The magnetization data for partially reduced T. 
thermophilus Fd do not exhibit wavelength depen- 
dence, indicating that all transitions are of similar 
polarization. Moreover the lowest-temperature 
data (1.57 K) are well fit by theoretical data for a 
ground-state doublet with effective g values of 
g, = 8.0 and g, =0.0. These are the predicted 
effective g values for an M,= +42 doublet 
originating from an S = 2 ground state with purely 
axial zero-field splitting [33]. The magnetization 
data for the reduced [3Fe-xS] cluster in T. thermo- 
philus Fd can, therefore, be interpreted in terms of 
an S$ =2 ground state with axial zero-field split- 
ting such that an M, = +2 doublet is lowest in 
energy, D<0O, with the M,= +1 doublet not 
significantly populated at 1.57 K. Such an energy 
level scheme is depicted in Fig. 8. Since g, = 0.0, 
all temperature-dependent MCD transitions from 
the ground state become xy-polarized and the 
resultant magnetization data should be invariant 
as a function of wavelength. 
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Fig 8 Zero-field splitting of an S=2 ground state with axial 
(D #0 and E=0) and rhombic (D #0 and E # 0) symmetry 
and D <0. The energy levels for the rhombic case are drawn 
to scale for E = 0.3 cm~} and D = —2.0 cm™! 


In contrast, the magnetization data for the re- 
duced [3Fe-xS] cluster in partially-reduced A. 
vinelandii FdI at the lowest temperature, 1.60 K, 
exhibit a pronounced wavelength-dependence. The 
magnetization behavior at 690 nm and 380 nm, in 
which the data at the lowest temperature rise to a 
maximum and then decrease with increasing mag- 
netic field, is unique among metal centers investi- 
gated thus far. Provided only one paramagnetic 
chromophore is present, the magnetization data 
shown in Fig. 7 can only arise as a result of 
differences in the polarization of electronic transi- 
tions from a ground state with large g-value ani- 
sotropy. This phenomenon is well illustrated by 
oxidized rubredoxin (see preceding paper [39]). In 
the case of an S=2 ground state, z-polarized 
transitions from the M, = +2 doublet are possible 
if g, #0, and this situation arises if the zero-field 
splitting is not completely axial, E + 0. The effect 
of a rhombic zero-field splitting is to remove the 
degeneracy of the M, = +2 and +1 doublets [33]; 
see Fig. 8. Full analysis of the magnetization data 
shown in Fig. 7, taking into account field-induced 
mixing, has not yet been attempted. It presents a 
complex theoretical problem, since the mixing 
must be averaged over all angles and will require 


inclusion of numerous parameters. For the present 
we have confined our analysis to fitting the 
lowest-temperature data using Eqn. 1 of the pre- 
ceding paper. As shown in Fig. 7, satisfactory fits 
are possible at all three wavelengths for the same 
effective g values, g,=6.5 and g, =0.6, if the 
polarization ratios for transitions from the lowest 
doublet are allowed to vary so that the bands at 
690 nm and 380 nm have predominant xy-polari- 
zation (m,/m,,=0.35 and 0.5, respectively), 
whereas the band at 440 nm has a large z-polarized 
contribution (m,/m,,= —1.4). This fit is not 
unique and is shown purely for illustrative pur- 
poses to demonstrate how such magnetization data 
could arise. 

Detailed studies of the temperature dependence 
of the MCD signals over the temperature range 
4.2 to 100 K were performed to determine the 
magnitude of the axial zero-field splitting parame- 
ter, D, for the reduced [3Fe-xS] clusters; see Fig. 
9. Data for partially reduced T. thermophilus Fd 
were collected at 705 nm and 420 nm, and for 
partially reduced A. vinelandii FdI at 690 nm. The 
latter wavelength was chosen, since analysis of the 
data requires unique polarization of the electronic 
transition, and magnetization studies indicate pre- 
dominant xy-polarization at this wavelength. At 
4.2 K, the MCD intensity at these wavelengths 
was found to be linear as a function of magnetic 
field for fields up to and including those used in 
this investigation, 0.6 T for 7. thermophilus Fd 
and 0.5 T for A. vinelandii FdI. Our analysis of 
the data closely follows that described by Browett 
et al. [34] and assumes that the zero-field splitting 
is axial with D < 0 (see Fig. 8) so that the M, = +2 
and +1 levels are both doublets. 

In the Curie law limit (ie. when the MCD 
intensity is a linear function of B/T), the MCD 
intensity, AA, can be expressed as a sum of con- 
tributions from the C-terms originating from each 
of the three zero-field components of the ground 
State: 


3 
s4- X patahe (1) 


where c, and a, are the C-term contributions and 
the fractional populations of the 7th levels, respec- 
tively, and d is the diamagnetic temperature-inde- 
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pendent contribution from A- and B-terms. For 
completely axial zero-field splitting, D<0O and 
E=0, see Fig. 8, the fractional populations of 
each of the three levels are given by: 


a, = 2/(2+2e739/4T 4 e749/4T) 
a = 2e~3P/KT 7102 4 Je FPLET 4 e74D/kTy (2) 
a = eW 4PPKT 1-24-2973 PLKT 4 e74D/kT) 


Studies of the MCD spectra of both samples at a 
magnetic field of 4.5 T and at temperatures up to 
150 K (data not shown) indicate that diamagnetic 
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Fig. 9 MCD temperature dependence of partially reduced T. 
thermophilus Fd and A vumelandu FdI. Circles are experimen- 
tal data, and the solid lines are the best fit to the data and the 
contributions to the total intensity from the M, = +1 (*) and 
M, = +2 (O) doublets. Upper panel: partially reduced T. ther- 
mophilus Fd, 0.40 mM in 100 mM potassium phosphate buffer 
with 50% ethylene glycol, pH 7.8 Reduced by anaerobic 
addition of a 10-fold excess of sodium dithionite. Wavelength 
705 nm, magnetic field 0.60 T, temperatures 4.22 K to 100 K 
Parameters used in best fit: D=—21 cm™?, ¢,=1831, c.= 
1395. Lower panel: partially reduced A. vinelandu Fadl, 0.19 
mM in 100 mM Taps with 50% ethylene glycol, pH 8.5 
Reduced by anaerobic addition of a 10-fold excess of sodium 
dithionite Wavelength 690 nm, magnetic field 0.50 T, tempera- 
tures 4.22 K to 100 K. Parameters used ın best fit: D = —2.0 
cm™!, c,=1042, c, =1058 c values are in arbitrary units and 
indicate only the relative values of the C-terms from the two 
doublets. . 
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contributions are negligible compared to the 
paramagnetic contributions and thus d can be 
ignored in Eqn. 1. The experimental data were fit 
to Eqn. 1 using non-linear least-squares regression 
with c}, c, and D as parameters. Since the upper 
level is a singlet, c, was set to zero. Values of 

= —2.1cm7! and —2.3 cm™! gave the best fits 
to the experimental data at 705 nm and 420 nm, 
respectively, for T. thermophilus Fd, and D = — 2.0 
cm + gave the best fit to the experimental data at 
690 nm for A. vinelandii FdI. The experimental 
data and the theoretical data based on the best fit 
parameters, together with the contributions from 
each of the two ground-state doublets, are shown 
in Fig. 9. In an attempt to estimate the uncer- 
tainty in D, the experimental data were fit allow- 
ing only c, and c, to vary, for a wide range of 
fixed values of D (—0.5 to —10 cm™?). For 
partially reduced T. thermophilus Fd, satisfactory 
fits (i.e. within the experimental uncertainty of the 
data points) were possible at both 420 nm and 705 
nm with values of D between —1.2 cm~! and 
— 3.2 cm™?. Values of D between — 1.0 cm™! and 
—4.0 cm~! afforded satisfactory fits to the data 
for partially reduced A. vinelandii Fadl. 

The low-temperature MCD spectrum of par- 
tially reduced T. thermophilus Fd was unaffected 
by pH over the range investigated, pH 6.3 to 8.5. 
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Fig 10. pH dependence of the low-temperature MCD spec- 
trum of partially reduced A. vinelandu FdI. Broken line, 0.101 
mM Fd in 100 mM Taps with 50% v/v ethylene glycol, pH 8 3, 
pathlength 0.170 cm. Solid line, 0.080 mM Fd in 100 mM Pipes 
with 50% v/v ethylene glycol, pH 6.4, pathlength 0.165 cm. 
Both spectra recorded at 4.22 K with a magnetic field of 4 5 T. 


In contrast, the low-temperature MCD spectrum 
of partially reduced A. vinelandii FdI has pro- 
nounced pH-dependence; see Fig. 10. The spectra 
recorded at pH 6.3 are distinctly different from 
those at pH 7.8 and 8.3 and the low-pH and 
high-pH spectra are reversibly interconvertible. 
EPR spectra recorded for samples at pH 6.3 indi- 
cate that the [3Fe-xS] cluster is only 70% reduced. 
This is presumably a consequence of the lower 
reduction potential of dithionite at the lower pH. 
Computer subtraction of the 30% of the MCD 
spectrum of the oxidized [3Fe-xS] cluster from the 
low-pH spectrum, under identical conditions, pro- 
duces relatively minor changes in the low-pH 
MCD spectrum and does not alter the conclusion 
that the reduced [3Fe-xS] cluster in A. vinelandii 
FdI can exist in two distinct forms dependent on 
the pH of the buffer. Magnetization data for the 
low-pH form were collected at 385 nm, 439 nm 
and 483 nm (data not shown). The data show 
much more rapid magnetization than would be 
expected for an S=1/2 ground state and show 
pronounced nesting that is wavelength-dependent. 
While it is not possible to analyse the data in 
detail due to the contributions from the S$ = 1/2 
oxidized [3Fe-xS] cluster, the data are indicative 
of a ground state with S = 1 or 2. 

An identical pH effect has been observed for 
the reduced [3Fe-xS] cluster in A. chroococcum Fd 
[32], except that the low-pH sample was reported 
to be devoid of any significant EPR signals in this 
instance. The similarity in the properties of these 
two ferredoxins is not surprising in light of the 
fact that the EPR, MCD and CD characteristics 
of A. chroococcum Fd are indistinguishable from 
those of A. vinelandit FdI [32]. The ferredoxins 
from A. vinelandii and A. chroococcum are, how- 
ever, reported to differ in the cluster conversion 
properties of the reduced [3Fe-xS] cluster [16,32]. 


EPR and MCD studies of fully reduced T. thermo- 
philus Fd 

Reduction of both clusters in T. thermophilus 
Fd was effected by anaerobic addition of excess 
solid dithionite and subsequent addition of 50% 
v/v ethylene glycol. The EPR spectrum, shown in 
Fig. 11, exhibits a complex signal centered at 
g = 1.94, in addition to the broad low-field reso- 
nance attributed to the reduced [3Fe-xS] cluster. 


Tt Fd fully reduced 


JOm Tesio 
ky 





22 21 20 19 18 17 
g volue 


Fig 11 X-band EPR spectrum of fully reduced T. thermophilus 
Fd Sample was identical to the fully reduced sample used ın 
Fig. 1. Temperature 10 K, microwave power 1 mW, modula- 
ton amphtude 0.63 mT, microwave frequency 9.02 GHz. 


The EPR signal in the g = 2 region is identical to 
that previously reported [3,8,18], and is assigned 
to an S= 1/2 [4Fe-4S]!* cluster interacting via 
weak spin-spin ‘interaction with the S = 2 reduced 
[3Fe-xS] cluster [18]. The g=1.94 EPR signal 
observed in this work accounted for between 0.6 
and 0.7 spins / molecule. 
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Fig. 12. Comparison of the low-temperature MCD spectra of 
fully and partially reduced T thermophilus Fd. Upper panel: 
comparison of MCD spectra of fully reduced (solid Ime) and 
partially reduced (broken line) T. thermophilus Fd at 157 K 
and 4.5 T. Samples were identical to those used in Fig 1 
Lower panel: difference spectrum, fully reduced minus par- 
tially reduced at 1 57 K and 45 T 
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Fig. 12 shows the low-temperature MCD spec- 
tra for fully and partially reduced samples of T. 
thermophilus Fd at 1.57 K and 4.5 T. Comparison 
of the two spectra shows that the reduced [3Fe-xS] 
cluster dominates the MCD spectra in both redox 
states and that the intensity of the low-tempera- 
ture MCD from the paramagnetic S = 1/2 [4Fe- 
4S} + is an order of magnitude weaker than that 
of the reduced [3Fe-xS] cluster. The form of the 
low-temperature MCD spectrum for the [4Fe- 
4S]'* cluster was obtained by taking the dif- 
ference between the fully and partially reduced 
spectra; see Fig. 12. The resultant spectrum has 
the characteristic features associated with that of a 


. [4Fe-4S]'*, i.e. positive bands centered at 750 nm 


and 550 nm, multiple positive bands between 460 
and 330 nm, and negative band(s) between 600 
and 700 nm [35,36]. The intensity of the MCD 
spectrum is consistent with the EPR spin quanti- 
tation. 

Attempts to produce the fully reduced form of 
A, vinelandii Fd] proved unsuccessful. No EPR 
signals attributable to a [4Fe-4S]'+ cluster were 
observed in samples reduced with dithionite over 
the pH range 6.3 to 8.5, in the presence or absence 
of ethylene glycol. Stephens et al. have recently 
reported [16] formation of the fully reduced form 
and conversion of the reduced [3Fe-xS] cluster to 
a [4Fe-4S]'* cluster, albeit in very low yields, on 
reduction by dithionite at pH 9. However, these 
conditions also result in destruction of a large 
fraction of the iron-sulfur clusters. 


Discussion 


The results presented here permit a critical 
comparison of the electronic and magnetic proper- 
ties of the iron-sulfur clusters in 7Fe ferredoxins 
from A. vinelandii and T. thermophilus. The low- 
temperature MCD studies confirm the presence of 
approximately one [3Fe-xS] cluster in both fer- 
redoxins and show no indication of cluster conver- 
sion to yield a [4Fe-4S] cluster under reducing 
conditions (cf. aconitase [37]). Reduction and 
identification of the additional cluster as a [4Fe- 
4S]?*4* center was only possible in the case of T. 
thermophilus Fd. However, the presence of a [4Fe- 
4S]**+ cluster in A. vinelandit FdI has been dem- 
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onstrated by both Méssbauer spectroscopy [7] and 
X-ray crystallography [5,6]. Our results are con- 
sistent with a midpoint reduction potential below 
— 600 mV for the [4Fe-4S], which is in accord with 
previous investigations [16,17]. As well as differing 
in terms of midpoint potential, the [3Fe-xS] clus- 
ters in these two ferredoxins also differ with re- 
spect to their oxidative lability. The [4Fe-4S]** 
cluster in A. vinelandu FdI is readily degraded by 
oxidizing agents such as ferricyanide [17,19], 
whereas the equivalent center in 7. thermophilus 
Fd is extremely resistant to such oxidative break- 
down. 

The low-temperature MCD and EPR results 
reported here attest to a close similarity in elec- 
tronic and magnetic properties of the oxidized 
[3Fe-xS] clusters in these ferredoxins. Taken to- 
gether with the existing Mössbauer [7] and reso- 
nance Raman [9] data, it seems probable that the 
almost 200 mV difference in reduction potential of 
these clusters is a consequence of protein environ- 
ment rather than major differences in the struc- 
tures of the clusters, Perhaps the most significant 
difference in the spectroscopic properties of the 
oxidized [3Fe-xS] clusters in A. vinelandii Fd] and 
T. thermophilus Fd is found in the anisotropy and 
spin relaxation of their EPR signals. However, the 
factors affecting these properties are presently not 
well understood. It is of interest to note that, of 
the presently characterized [3Fe-xS] clusters, the 
one in D. gigas hydrogenase exhibits the smallest 
anisotropy and slowest spin relaxation [27], 
whereas the one in Escherichia coli nitrate re- 
ductase has the largest anisotropy and fastest spin 
relaxation [28]. The data reported here also indi- 
cate a correlation between spin relaxation rates 
and g-value anisotropy. This correlation is best 
rationalized in terms of differences in the energy 
of a low-lying excited state, with a significant 
orbital moment, that can mix with the ground 
state and enhance spin-lattice relaxation. 

The spectra reported here give no indication of 
any heterogeneity in the oxidized [3Fe-xS] clusters 
in A. vinelandii FdI as a function of pH over the 
range 6.3 to 8.5. Moreover, the currently available 
spectroscopic data, including that presented in 
this work, point to a similar structure for all the 
oxidized [3Fe-xS] clusters identified to date. 
Therefore the only way to reconcile the different 


structures reported for the oxidized [3Fe-xS] clus- 
ter in A. vinelandu FdI [5,6,9,12] is to invoke a 
Structure in the crystalline state different from 
that in solution. However, resonance Raman stud- 
ies do not support such a hypothesis [9]. Since the 
available spectroscopic and analytical data for a 
wide range of [3Fe-xS] clusters are consistent with 
a [3Fe-4S] core structure with Fe—Fe distances of 
2.7 A, the possibility of an error in the analysis of 
the X-ray crystallographic data for A. vinelandii 
FdI should be considered. 

Low-temperature MCD studies, including de- 
tailed investigations of the temperature and mag- 
netic field dependence of the spectra, are particu- 
larly informative concerning the electronic and 
magnetic properties of the reduced [3Fe-xS] clus- 
ters in these ferredoxins. MCD magnetization data 
for the partially reduced ferredoxins are consistent 
with an S=2 ground state with zero-field split- 
ting such that the M,= +2 levels are lowest in 
energy, ie. D<0. The observed differences in 
magnetization data are interpretable in terms of 
the nature of the ground-state zero-field splitting, 
with the reduced [3Fe-xS] cluster in A. vinelandii 
FdI having a significant rhombic component com- 
pared to the predominantly axial zero-field split- 
ting for the equivalent center in T. thermophilus 
Fd. The nature and magnitude of the structural 
perturbations that are responsible for the dif- 
ference in the ground-state zero-field splitting are 
presently unknown. The magnitudes of the axial 
zero-field splitting parameters were found to be 
comparable for the two reduced [3Fe-xS] clusters; 
D = —2.2 + 1.0 cm”! for T. thermophilus Fd, and 

= —2.5 + 1.5 cm for A. vinelandii Fdl. 

The interpretation of the MCD magnetization 
data for the reduced [3Fe-xS] clusters in these two 
ferredoxins does permit rationalization of the ab- 
sence of a AM=4, X-band EPR transition for 
partially reduced A. vinelandii Fdl in terms of the 
zero-field splitting of the S = 2 ground state. Res- 
onance will not be possible for a ground state with 
significant rhombic zero-field splitting such that 
the splitting of the M,= +2 doublet, A (A= 
3E7/D), is greater than the microwave energy 
(approx. 0.3 cm™~! at X-band); see Fig. 8. We 
conclude that although observation of low-field 
EPR signal for a reduced iron-sulfur protein is 
indicative of a reduced [3Fe-xS] cluster, the ab- 


sence of such a signal does not preclude the pres- 
ence of this type of center. 

While no heterogeneity was observed as a func- 
tion of pH for the oxidized [3Fe-xS] clusters in A. 
vinelandii Fd, MCD studies do reveal distinct low- 
and high-pH forms of the reduced [3Fe-xS] clus- 
ter. This behavior is analogous to that reported for 
the [3Fe-xS] cluster in A. chroococcum Fd [32], 
but is not observed for the [3Fe-xS] clusters in 7. 
thermophilus Fd or D. gigas FdlIl [32]. The struct- 
ural changes accompanying the interconversion of 
the two forms are presently unclear; however, the 
ease and rapidity of the interconversion make it 
unlikely that a major structural reorganization is 
involved. More likely, the change reflects a proto- 
nation-deprotonation equilibrium involving either 
a cysteinyl sulfur or a cluster sulfide ion. Since 
this cluster heterogeneity is only observed for the 
reduced [3Fe-xS] cluster, it seems unlikely that it 
is responsible for the inconsistency in the struct- 
ural data that has been reported for the oxidized 
cluster. 

Finally we turn our attention to the question of 
whether the [3Fe-xS] clusters in A. vinelandii Fd 
and T. thermophilus Fd are present in vivo or are 
isolation artifacts originating from degradation of 
a [4Fe-4S] cluster. The latter is certainly the case 
for the [3Fe-xS] clusters in aconitase [37] and C. 
pasteurianum Fd [30], whereas our recent investi- 
gations of fumarate reductase from E. coli suggest 
that some [3Fe-xS] clusters are intrinsic compo- 
nents of functional enzymes [29] and are present 
in vivo [38]. No definitive conclusions can be 
made at this time concerning the clusters in A. 
vinelandii Fd I and T. thermophilus Fd. However, 
the present study does provide two pieces of infor- 
mation that argue against the isolation artifact 
hypothesis. First, a full complement of oxidized 
[3Fe-xS] clusters were present in anaerobically 
isolated A. vinelandii FdI, and, second, no signifi- 
cant conversion to [4Fe-4S] clusters accompanied 
dithionite reduction of either Fd ‘over the pH 
range 6.3 to 8.5. Perhaps the best argument in 
favor of these [3Fe-xS] clusters being isolation 
artifacts comes from the reported reconstitution of 
A. vinelandii Fd as an 8Fe Fd, comprised of two 
[4Fe-48} clusters [15]. However, in our opinion, 
the spectroscopic data reported in Ref. 15 do not 
support the claim that reconstituted A. vinelandii 
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FdI contains two [4Fe-4S] clusters. Rather the 
form and spin quantitation of the EPR spectrum 
of the reduced sample, as well as the UV-visible 
absorption data (see Ref. 15), provide evidence for 
no more than one [4Fe-4S]?*1* cluster. Whether 
or not the site that is responsible for binding the 
[3Fe-xS] cluster in as-isolated A. vinelandii Fdl 
can also accommodate a [4Fe-48] cluster, there- 
fore, remains to be determined. 
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Purification and some properties of peroxidases of rat bone marrow 
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Myeloperoxidase and eosinophil peroxidase were separated and purified from rat bone marrow cells using 
cetyltrimethylammonium bromide as the solubilizer and then with column chromatographies on CM-Sep- 
hadex C-50 and Con A-Sepharose. Both purified enzymes were observed to be apparently homogeneous by 
SDS-polyacrylamide gel electrophoresis. Myeloperoxidase consisted of two subunits of M, 57000 and 
15000, and eosinophil peroxidase two of 53000 and 14000. On structural analysis of the enzymes, their 
visual and ESR spectra revealed that the structure surrounding the heme in myeloperoxidase was different 
from that in eosinophil peroxidase. Moreover, substrate specificity and sensitivity to inhibitors such as azide 
and cyanide differed between the two enzymes. Rat bone marrow possesses two distinct peroxidases, 
myeloperoxidase and eosinophil peroxidase, which have different subunits and different heme microenviron- 
ments. Therefore, the difference in enzymatic function between the two peroxidases may be due to their 


Structures, 


Introduction 


Myeloperoxidase (donor:hydrogen peroxide 
oxidoreductase, EC 1.11.1.7) is present in mam- 
malian leukocytes [1-3] and plays a role in the 
bacteriocidal function [4,5]. Eosinophils also con- 
tain peroxidase activity, called eosinophil per- 
oxidase, the function of which is thought to be 
antiparasitic [6-8]. On the other hand, the per- 
oxidase activity is observed in bone marrow 
granulocytes grown from stem cells. Peroxidase in 
the bone marrow is also a marker enzyme in the 
neutrophilic granulocytes [9], and its activity 
changes in their differentiation stages [10]. The 
above evidence shows that the peroxidase activity 
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in the bone marrow may be involved in the growth 
of the granulocytes. 

On the other hand, although myeloperoxidase 
and eosinophil peroxidase were also isolated from 
the bone marrow cells of guinea-pigs [11], their 
enzymatic properties and physiological and bio- 
logical functions in bone marrow have been un- 
clear. Previously, we found that leukopenia in rats 
treated with propylthiouracil was accompanied by 
the inhibition of peroxidase activity in the bone 
marrow [12]. Thus, we have attempted to isolate 
and purify the peroxidases from rat bone marrow, 
and to analyse their enzymatic characteristics and 
subunit compositions. Visual and ESR spectra and 
catalytic activities have been determined. 


Materials and Methods 


Materials 
Guaiacol was purchased from Sigma Chemical 
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Co. Pyrogallol and N,N’-dimethyl-p-phenylene- 
diamine were from Wako Pure Chemicals and 
Kanto Chemical Co., respectively. CM-Sephadex 
C-50 and Con A-Sepharose were obtained from 
Pharmacia. All other chemical of the highest grade 
were obtained from commercial sources. 


Purification of enzymes 

Erythrocyte-free bone marrow cells were pre- 
pared as described previously [12]. The 105000 x g 
pellet of bone marrow homogenate was suspended 
in 10 mM potassium phosphate buffer (pH 7.0) 
containing 0.5% cetyltrimethylammonium bro- 
mide. The suspension was stirred overnight at 4°C 
and then centrifuged at 20000 x g for 20 min. The 
supernatant fraction (referred to as cetyltrimethyl- 
ammonium bromide extract) was dialyzed against 
100 vol. of 25 mM acetate buffer (pH 4.7) contain- 
ing 0.2 M NaCl. Then the dialyzed solution was 
applied to a CM-Sephadex C-50 column (0.9 x 20 
cm) equilibrated with the same buffer. After wash- 
ing with the same buffer, chromatography was 
carried out with 300 ml of a 0.2-2.0 M linear 
gradient of NaCl in the buffer. As shown in Fig. 1, 
two peroxidase activities were separated and are 
referred to as myeloperoxidase and eosinophil per- 
oxidase, respectively. Both active fractions were 
dialyzed twice against 100 mM acetate buffer (pH 
5.6) containing 5 mM CaCl,, 5 mM MgCl., 5 
mM MnCl, and 0.05% cetyltrimethylammonium 
bromide, and samples were applied to Con A-Sep- 
harose columns (0.9 X 10 cm) equilibrated with 
the above acetate buffer. The column was washed 
with the same buffer, and purified peroxidase was 
eluted with the buffer containing 0.2 M methyl 
a-D-glucoside. Then the highly purified 
myeloperoxidase and eosinophil peroxidase were 
dialyzed again against 50 mM phosphate buffer 
(pH 7.0) containing 0.1 M NaCl, 0.02% cetyltri- 
methylammonium bromide and 2% glycerol. 


Determination of enzyme activity 

Peroxidase activity was assayed according to 
the previous report [12] with minor modifications. 
The standard reaction mixture (1.0 ml) consisted 
of 100 mM potassium phosphate buffer (pH 7.0), 
0.33 mM H,O, and guaiacol (33 mM), KI (5 
mM), N,N’-dimethyl-p-phenylenediamine (10 
mM) or pyrogallol (5 mM). The enzymatic oxida- 


tion of guaiacol, KI, N,N’-dimethyl-p-phenylene- 
diamine and pyrogallol was monitored spectro- 
photometrically at 470, 350, 515 and 430 nm, 
respectively. When guaiacol and KI were used as 
the substrate, one unit of activity was defined as 
the amount of enzyme oxidizing 1 pmol substrate 
per min, using 5.57 mM~!-cm7! and 26.0 mM7! 
.cm™} as the extinction coefficients, respectively 
[13]. One unit of activity in the case of N, N’-di- 
methyl-p-phenylenediamine or pyrogallol was de- 
fined as the amount of enzyme catalyzing a change 
in absorbance of 1.0 unit /min. 

Protein was assayed by the method of Lowry et 
al. [14]. 


Physicochemical analysis 

SDS-PAGE was performed as described by 
Laemmli [15] using 12.5% acrylamide. For the 
estimation of the molecular weight of the en- 
zymes, bovine serum albumin (68 000), ovalbumin 
(43000), soybean trypsin inhibitor (21500) and 
cytochrome c (12300) were used as the standard 
compounds. 

ESR spectra of myeloperoxidase and eosinophil 
peroxidase were measured at 4.3 K with an X-band 
spectrometer (type JES-FE-3X). Instrumental set- 
tings were as follows: microwave power, 4 mW; 
field modulation frequency, 100 kHz; modulation 
width, 6.3 G; scan rate, 2500 G/min. 


Results and Discussion 


Purifications of myeloperoxidase and eosinophil per- 
oxidase 

Since peroxidase catalyzes the oxidation of 
various compounds in the presence of hydrogen 
peroxide, the enzyme activity was determined using 
guaiacol and KI as substrate. The peroxidase ac- 
tivities of the rat bone marrow were separated into 
two forms by CM-Sephadex C-50 column chro- 
matography as shown in Fig. 1. This result is 
compatible with data on the guinea-pig reported 
by Desser et al. [11]. The activities eluted with 0.5 
and 1.2 M NaCl were referred to as myeloperoxi- 
dase and eosinophil peroxidase, respectively. 
Myeloperoxidase was specific for the oxidation of 
guaiacol rather than that of KI, whereas eosinophil 
peroxidase predominantly oxidized KI (Fig. 1). 
Therefore, the catalytic activity of myeloperoxi- 





c £ 

0.5 £0.5 £ 
= a 

a 9 

© w 
a ~m © 
E ; 
< ns 

Q 0 > was Sar ú 0 
0 20 40 60 80 100 


Fraction No. (2 ml) 


Fig. 1. CM-Sephadex C-50 column chromatography of per- 
oxidases from rat bone marrow After extraction with 
cetyltrimethylammonium bromide, the peroxidase was loaded 
on a CM-Sephadex C-50 column (0.9 x20 cm). The peroxidase 
activity was determined using guaiacol (@) or KI (O) as 
substrate ------ , Argo. 


dase is exactly opposite to that of eosinophil per- 
oxidase. As the peroxidases have been recognized 
to be glycoproteins [16], the enzymes were further 
purified by the use of Con A-Sepharose. The 
enzymes were adsorbed on a Con A-Sepharose 
column and eluted with methyl a-p-glycoside (data 
not shown). 

Table I represents the summary of purification 
of the peroxidases from the rat bone marrow. 
Using guaiacol as the substrate, this purification 
procedure caused about a 45-fold increase of the 
activity in myeloperoxidase, with an overall yield 
of 17.5%. In the case of eosinophil peroxidase, the 
specific activity was increased by 134-fold with a 
yield of 13.1% using KI as the substrate. Further, 
extraction with cetyltrimethylammonium bromide 
resulted in a larger increase in total activity. The 
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ratios of the absorbance at the Soret maximum to 
the absorbance at 280 nm (RZ value) were 0.80 
and 0.76 for purified myeloperoxidase and 
eosinophil peroxidase, respectively. 


Molecular forms and sizes of myeloperoxidase and 
eosinophil peroxidase 

An analysis by SDS-PAGE revealed that 
myeloperoxidase was comprised of two major 
polypeptides (M, = 57000 and 15000) with minor 
bands (M, 74000 and 43000) (Fig. 2). The minor 
band of M, 43000 is similar to that reported in 
human neutrophils [17]. This polypeptide may be 
derived from the large subunit by proteolytic 
digestion. Although the origin of the band of M, 
74000 has not been reported yet, it may be a 
precursor of the large and small subunits. On the 
other hand, eosinophil peroxidase consisted of two 
bands (M, 53000 and 14000) with minor con- 
taminations (Fig. 2). 

Generally, myeloperoxidase in human neu- 
trophilic granulocytes is comprised of the large 
(a) and small (8) subunits [16,18—20]. It has been 
reported that the enzyme molecules have a molec- 
ular weight of about 140000 and a,8, structure 
[16,18—20]. Myeloperoxidase in the bone marrow 
seems to consist of the large (57000) and small 
(15000) subunits. Similarly, eosinophil peroxidase 
is comprised of large (53000) and small (14000) 
subunits as is myeloperoxidase, and its molecular 
weight is lower than that of myeloperoxidase. The 
two enzymes also differ in molecular size. 


PURIFICATION OF RAT BONE MARROW MYELOPEROXIDASE AND EOSINOPHIL PEROXIDASE 


The punfication was carried out as described in Materials and Methods. The activity of peroxidase was determined using guaiacol or 
KI as the electron donor. MPO, myeloperoxidase; EPO, eosinophil peroxidase; CETAB, cetyltrimethylammonum bromide. 


Total Specific activity Total activity Purification Yield 
protein (units/mg) (units) factor (%) 
(mg) guaiacol KI guaiacol KI guaiacol KI guaiacol KI 
105000 X g pellet 1949 4.4 5.0 853.7 966 7 1.0 10 100.0 100.0 
CETAB extract 120.4 146 30.0 17578 3612.0 33 6.0 205.9 373.6 
CM-Sephadex C-50 
MPO 6.0 591 3.0 354.0 209 39 0.7 41.5 22 
EPO 0.9 179.0 556.7 161.9 506 9 40.7 111.3 19.0 52.4 
Con A-Sepharose 
MPO 08 198.1 41 1496 31 45.3 0.8 175 0.5 
EPO 0.2 262.1 668 8 49.3 127.1 59 6 133.8 5.8 13.1 
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Fig 2 SDS-PAGE of peroxidases purified from the rat bone 
marrow Lane 1, pumfied myeloperoxidase; Lane 2, purified 
eosinophil peroxidase. The arrows show the standard proteins: 
bovine serum albumin (68000) ovalbumin (43000), soybean 
trypsin inhibitor (21500) and cytochrome e (12300) 


Spectral properties 

Myeloperoxidase, in the oxidized state, showed 
a high peak at 430 nm and additional peaks at 575 
and 620 nm. These spectra are in good agreement 
with the report on human neutrophils [16,19—23]. 
Eosinophil peroxidase had a maximum adsorption 
at 415 nm, with minor peaks at 500 and 610 nm. 
These observations are compatible with the results 
obtained in guinea-pig [12] and human blood 
[16,24,25]. 

Fig. 3 shows the ESR spectra of the two en- 
zymes. The spectra show well-resolved signals near 
g = 6, characteristic of high-spin ferric heme iron 
in an environment of rhombic symmetry 
(myeloperoxidase, g, = 6.88, g,= 5.09 and g,= 
1.96; eosinophil peroxidase, g, = 6.58, g,= 5.28 
and g,= 1.98). These g values are in general 
agreement with previous reports [23,26,30]. There- 
fore, myeloperoxidase and eosinophil peroxidase 
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Fig 3. ESR spectra of myeloperoxıdase (upper panel) and 
eosinophil peroxidase (lower panel) purified from rat bone 
marrow The spectra were recorded in 100 mM phosphate 
buffer (pH 7 0) at 43 K with an X-band spectrometer. 


from rat bone marrow are essentially identical to 
those from mature blood with respect to the visual 
and ESR spectra. It was reported that signals of 
both high spin-heme and non-heme iron were 
found in myeloperoxidase from mature leukocytes 
[23,26—30]. The purification procedure carried out 
in the present study remarkably decreased the 
intensity of the g= 4.3 ESR signal of 
myeloperoxidase, which is attributed to non-heme 
iron, and greatly increased the specific activity of 
myeloperoxidase in the catalysis of the H,O,-sup- 
ported oxidation of guaiacol. Therefore, non-heme 
iron is considered to be independent of the cata- 
lytic activity of myeloperoxidase. It should be 
noted that the ESR spectra of the myeloperoxi- 
dase was different from that of eosinophil per- 
oxidase. This suggests that the microenvironment 
surrounding the heme iron is different in the two 
enzymes. 


Catalytic properties of myeloperoxidase and 
eosinophil peroxidase 

Table II indicates the catalytic activities of the 
enzymes using various substrates. The activity of 
myeloperoxidase was highest toward guaiacol 
among the substrates tested. Trace activity could 
be shown in the other compounds. : However, 
eosinophil peroxidase oxidized all substrates with 
hydrogen peroxide. The lowest activity of 
eosinophil peroxidase was observed with guaiacol 
as substrate. In addition, eosinophil peroxidase 
showed specific activities toward all substrates 
higher than those of myeloperoxidase. Therefore, 
this is the first distinct characterization of dif- 
ferences between myeloperoxidase and eosinophil 
peroxidase. These differences in catalytic activity 
between the two enzymes may be due to the 
structure surrounding the heme, namely the active 
centers. 

The results of the kinetic analysis of the en- 
zymes are shown in Table III. Although the Kn 
value for hydrogen peroxide of eosinophil per- 
oxidase toward guaiacol was higher than that to- 
ward KI, the value of myeloperoxidase toward 
guaiacol is the same as that toward KI. The Kn 
values for guaiacol and KI of eosinophil per- 
oxidase were lower than those of myeloperoxidase. 
These discrepancies in the kinetic constants may 
depend on the structures surrounding the heme. 

It is well known that peroxidases are inhibited 
in their activities by the presence of azide and 
cyanide. Thus the effects of azide and cyanide on 
the activities of the two enzymes were examined. 
Azide markedly inhibited the activities of both 
using guaiacol or KI as the substrate (Fig. 4). 


TABLE I 


CATALYTIC ACTIVITY OF MYELOPEROXIDASE (MPO) 
AND EOSINOPHIL PEROXIDASE (EPO) PURIFIED 
FROM RAT BONE MARROW 


The enzyme activities are expressed as units/mg protein. The 
values are the means of three experiments. DMPD, N,N’-di- 
methyl-p-phenylenediamine. 


Substrates 

guaiacol KI DMPD pyrogallol 
MPO 198.4 41 41.4 7.2 
EPO 262.1 668 8 2528.2 755.0 
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TABLE II 


KINETIC CONSTANTS OF MYELOPEROXIDASE AND 
EOSINOPHIL PEROXIDASE PURIFIED FROM RAT 
BONE MARROW 


The kinetic constants were calculated from Lineweaver-Burk 
plots. The values of Km and Vinay were determined in the 
presence of 33 mM guaiacol or 10 mM KI as the electron 
donor (a) and of 033 mM H,O, (b). 


Km (MM) Vmax (units/mg) 
(1) Myeloperoxidase j 
H-0, s Guaiacol 0 052 239 8 
KI 0.004 4.8 
Guaracol > 443 204.5 
KI? 181.7 549 3 
(2) Eosinophil peroxidase 
H,O; ° Guaiacol 0.071 334 3 
KI 0 076 611.6 
Guaiacol ° 146 363.1 
KI” 75 1280.0 


However, the sensitivity of myeloperoxidase to 
azide was higher than that of eosinophil per- 
oxidase using guaiacol, and lower than that of 
eosinophil peroxidase using KI as the substrate. In 
the case of cyanide, when guaiacol was used as the 
substrate, this compound inhibited both activities 
in a concentration-dependent manner (Fig. 5). 
Thus the two enzymes differed not only in their 
catalytic activities, but also in their sensitivities to 
heme inhibitors. These results suggest that the 
difference in the degree of inhibition by azide and 
cyanide is relevant to the mechanism of enzymatic 
reactions. In relation to this evidence, thyroid 
peroxidase forms the complex [EOI]~ when KI is 
used as substrate [31] (Scheme I). However, such a 
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Fig 4. Effect of azide on the activities of myeloperoxidase (A) 
and eosinophil peroxidase (B) The activities of the peroxidases 
were determined using guaiacol (©) or KI (@) as substrate 
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Fig, 5. Effect of cyanide on the activities of myeloperoxidase 
(A) and eosinophil peroxidase (B) The activities of the per- 
oxidases were determined using guaiacol (O) or KI (@) as 
substrate. 


complex is not formed using guaiacol as the sub- 
strate. 

As shown in Scheme I, the reaction mecha- 
nisms of peroxidase differ according to the sub- 
strates used. Therefore, different inhibitor specific- 
ities will apply to the mechanism depending on 
the substrate. When KI was used as substrate, no 
effect on peroxidases was seen in the case of 
cyanide addition (Fig. 5). As it has been reported 
that CI” inhibits the binding of cyanide to chlo- 


I~ I~ 
E+H,0, — EO-[EOY] _—> I; +20H7 +E (1) 
H-O 
guaiacol 
E+H,0, -EO — tetraguaiacol+ E (2) 
Scheme I 


roperoxidase [32], a halogen ion such as I7 might 
antagonize the binding of cyanide to the per- 
oxidase. However, since Bakkenist et al. [33] re- 
ported that the dissociation constant of the 
myeloperoxidase-iodide complex was about 50 mM 
at pH 7.0, the possibility is uncertain at present. 
The action of cyanide on the oxidation of iodide 
catalyzed by myeloperoxidase and eosinophil per- 
oxidase still remains to be elucidated in detail. 

In this report it has been demonstrated that 
two peroxidases, myeloperoxidase and eosinophil 
peroxidase, are present in rat bone marrow. In 
addition, these enzymes were isolated from the 
same preparation. Both peroxidases had distinct 
enzymatic properties and showed differences in 
many aspects, including subunit composition, vis- 


ual and ESR spectra and catalytic activities. From 
these results, we propose that the microenviron- 
ments surrounding the heme iron in 
myeloperoxidase and eosinophil peroxidase in- 
fluence their catalytic activity. Such differences 
are related to their differing physiological signifi- 
cance in the bone marrow. Those findings are also 
thought to be a clue to the elucidation of the 
physiological roles of the two enzymes in the bone 
marrow. 
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Chemical modification of bovine liver rhodanese with tetrathionate: differential 
effects on the sulfur-free and sulfur-containing catalytic intermediates 
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Sulfhydryl groups of bovine liver rhodanese (thiosulfate: cyanide sulfurtransferase, EC 2.8.1.1) were 
modified by treatment with tetrathionate. There was a linear relationship between loss of enzyme activity 
and the amount of tetrathionate used. At a ratio of one tetrathionate per mole of rhodanese, 100% of enzyme 
activity was lost in the sulfur-free E-form as compared with a 70% loss for the sulfur-containing ES-form of 
the enzyme. Addition of up to a 100-fold molar excess of tetrathionate to ES gave no further inactivation. 
Addition of cyanide to the maximally inactivated ES-tetrathionate complex gave complete loss of activity. 
Kinetic studies of maximally inactivated ES and partially inactivated E gave K,, (K,) values that were 
essentially the same as native enzyme, indicating that the active enzyme, in all cases, bound thiosulfate 
similarly. Reactivation was faster with the ES-form than with the E-form. The substrate, thiosulfate, could 
reactivate the enzyme up to 70% in 1 h with ES as compared to 24 h with E. Tetrathionate modification of 
rhodanese could be correlated with the changes in intrinsic fluorescence and with the binding of the active 
site reporter 2-anilinonaphthalene-8-sulfonic acid (2,8-ANS). Circular dichroism spectra of the protein 
suggested increased ordered secondary structure in the protein after reaction with tetrathionate. Cadmium 
chloride and phenylarsine oxide totally inactivated the enzyme at levels usually associated with their effect 
on enzymes containing vicinal sulfhydryl groups. Further, cadmium inhibition could be reversed by EDTA. 
Tetrathionate modification of rhodanese may proceed through the formation of sulfenylthiosulfate inter- 
mediates at sulfhydryl groups, close to but not identical with the active-site sulfhydryl group, which then can 
react further with the active-site sulfhydryl group to form disulfide bridges. 


Introduction 


Rhodanese (thiosulfate : cyanide sulfurtransfer- 
ase, EC 2.8.1.1) catalyzes the transfer of the outer 
sulfur atom of thiosulfate to the nucleophilic 


Abbreviations: 2,8-ANS, 2-anlnonaphthalene-8-sulfonic acid, 
E, the sulfur-free form of rhodanese, ES, the sulfur-substituted 
form of rhodanese 


Correspondence: Dr. Paul M. Horowitz, Department of Bio- 
chemistry, University of Texas Health Science Center at San 
Antomo, 7703 Floyd Curl Drive, San Antonio, TX 78284, 
U.S A. 


acceptor substrate cyanide [1-3]. The enzyme is a 
single polypeptide chain containing 293 amino 
acid residues [4] and contains 4 cysteine residues 
at positions 63, 247, 254 and 263. There are no 
disulfide bridges in the protein. Cysteine 247 is at 
the active site and holds the transferred sulfur as a 
persulfide. The polypeptide chain is folded into 
two domains connected by a loop of 16 amino 
acid residues [5] and the active site is at the 
interface of these two domains. Several sulfhydryl 
reagents have been shown to inactivate this en- 
zyme [6—11]. Disulfide-bond formation between 
the active-site cysteine residue and a nearby sulf- 
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hydryl group has been implicated in the mecha- 
nism of inactivation by a wide variety of reagents 
[9]. The crystal structure, on the other hand, indi- 
cates that such disulfide-bond formation is not 
likely. The importance of sulfhydryl groups to the 
activity of rhodanese and the structural similarity 
between tetrathionate and thiosulfate, together 
with the known reactivity of this reagent with the 
sulfhydryl groups, prompted us to look into the 
effect of this reagent on rhodanese. The results 
presented here indicate that tetrathionate reacts 
with rhodanese in a complex pattern to form an 
inactive enzyme in the E-form, and a partially 
active derivative with the ES-form. The results can 
be rationalized by a model that incorporates the 
results of previous work showing that the individ- 
ual sulfhydryl groups have differing reactivities 
and that disulfides can form within soluble con- 
formers of the enzyme. 


Materials and Methods 


Materials 

2-Anilinonaphthalene-8-sulfonic acid (2,8-ANS) 
was from Molecular Probes (Junction City, OR). 
All other reagents used were of the analytical 
grade. 


Methods 

Preparation and assay of rhodanese. Rhodanese 
purified from bovine liver was stored as a frozen 
ammonium sulfate pellet at —40°C and was as- 
sayed for activity as described by Horowitz [12]. 
Protein concentration was determined using an 
extinction of E2)*=1.75 [13]. The molecular 
weight of the protein was taken to be 33 000 [4,14]. 
All experiments were done in 20 mM sodium 
phosphate buffer containing 1 mM EDTA at pH 
7.5 at 23°C unless otherwise stated. Sulfur-free 
rhodanese (E form) was obtained by adding a 
10-fold molar excess of cyanide to a rhodanese 
solution containing no thiosulfate as described 
previously [15,16]. Kinetic studies to assess the 
effect of tetrathionate on the catalysis by 
rhodanese were performed using the rhodanese 
assay previously described [6] and were carried out 
in 50 mM KCN, 50 mM KH,PO, and K.S,0, 
between 0 and 50 mM. Potassium sulfate (0-50 
mM) was added to maintain the asay pH at 7.6. 
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Initial velocities were calculated from the best 
straight-line fits to the initial portions of the pro- 
gress curve. 

Purified rhodanese was separated into A and B 
forms by chromatography on DE-52 according to 
the method of Blumenthal and Heinrikson [17]. 

Fluorescence measurements. Fluorescence mea- 
surements were carried out with an SLM Aminco 
model SPF-500C spectrophotofluorometer oper- 
ated in the ratio mode. Temperature was main- 
tained at 23°C by circulating water through the 
cell holder. Time-dependent fluorescence changes 
were measured using a strip chart recorder that 
monitored the instrument response. 

Circular dichroism. CD measurements were 
made on a Jasco J 500C spectropolarimeter 
equipped with a model DP 500 data processor. 
Spectra were run at 23°C in a cell with 0.1 cm 
path lenth. Spectra were scanned from 260 to 195 
nm and were corrected using a blank containing 
all components except the rhodanese. CD spectra 
were run on both the E and the ES forms of the 
enzyme in the presence (1-fold molar excess) and 
absence of tetrathionate. Mean residue elliptici- 
ties, [9] MRW, were calculated using a mean 
residue weight of 115. 

Difference absorption spectroscopy. Spectral 
measurements were made on a Cary 219 spectro- 
photometer in the region specific for persulfide 
groups. To get the base-line, a sample cuvette 
containing 1 ml of buffer with E or ES at 0.23 
mg/ml was scanned against a reference cuvette 
containing an identical enzyme solution. To titrate 
the E or ES sample with tetrathionate, microliter 
quantities of a tetrathionate solution made in 
buffer were added to the sample cuvette. The 
same volume of buffer without tetrathionate was 
added to the reference cuvette to compensate for 
dilution of the sample. 


Results and Discussion 


Sulfur-free rhodanese (E) was completely in- 
activated at a 1:1 molar ratio of tetrathionate to 
enzyme as shown in Fig. 1. The inactivation was 
instantaneous and a linear function of the tetra- 
thionate concentration. The sulfur-containing form 
of rhodanese (ES) was also inactivated by tetra- 
thionate. 70% of the enzyme activity was lost at a 
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Fig. 1. Tetrathionate inactivation of rhodanese in E and ES 
forms. Rhodanese (7 pM) in 100 yl of 20 mM sodium phos- 
phate, 1 mM EDTA, pH 7.6, was incubated with various 
concentrations of sodium tetrathionate at 0°C for 1 h 5-pl 
aliquots of the enzyme were assayed for 15 s in triplicate O, E 
form; ®, ES form 


1:1 molar ratio of the reagent to rhodanese. In- 
creasing the concentration of tetrathionate further, 
up to 100-fold molar excess over the enzyme, gave 
no additional inactivation of ES. Addition of 
cyanide at any point in an experiment similar to 
that shown in Fig. 1 resulted in total imactivation 
of ES (data not shown), suggesting the importance 
of the free active-site sulfhydryl group (Cys-247) 
in the tetrathionate modification of rhodanese. 
The fact that ES could only be 70% inactivated 
might be due to the following reasons: (a) 
rhodanese as normally prepared contains two 
electrophoretic variants (A and B) and they may 
differ in their reactivity towards tetrathionate; or 
(b) there may be differential reactivity of the 
sulfhydryl groups in rhodanese. In order to decide 
between these possibilities, we separated the A 
and B forms of rhodanese by anion-exchange 
chromatography on DE-52 as described previously 
[17]. Purified B rhodanese, the form with the least 
cross-contamination, was inactivated in both its E 
and its ES forms in exactly the same manner by 
tetrathionate as the original enzyme, suggesting 
differential reactivity of sulfhydryl groups as re- 
sponsible for the effects observed. The result with 
ES is intriguing, as its suggests two mutually ex- 
clusive modes of tetrathionate binding to 
rhodanese, only one of which leads to inactiva- 
tion. In the model shown in Fig. 6 (path A) the 
inactive species would involve modification of cy- 
stein 254. 


Sodium thiosulfate is known to reactivate 
rhodanese that has been inactivated with various 
sulfhydryl reagents [6,8,9]. Hence, we tried to re- 
activate the rhodanese that had. been inactivated 
with tetrathionate using sodium thiosulfate. The 
results are shown in Fig. 2. Nearly 70% of the 
activity could be recovered from both the E and 
the ES forms of the enzyme. However, reactiva- 
tion of the ES form of the enzyme (1 h to reach 
70% reactivation) was much more rapid than for 
the E form of rhodanese (24 h to reach 70% 
reactivation). We were able to reactivate the tetra- 
thionate-inactivated enzyme at relatively low con- 
centrations of thiosulfate (100-fold molar excess) 
in 24 h. Wang and Volini [6] were able to re- 
activate the mercaptoethanol-inactivated enzyme 
with 1-fold molar excess of a thiosulfate in 5 days. 
Weng et al. [10] used similar conditions to re- 
activate rhodanese inactivated by phenylglyoxal. 
Reactivation of rhodanese inactivated with tetra- 
thionate at concentrations greater than 1-fold 
molar excess of tetrathionate was much easier 
than at low concentrations of the reagent. This 
suggests that the mode of inactivation of rhodanese 
by tetrathionate is concentration-dependent. Low 
concentrations of tetrathionate seem to introduce 
disulfide bonds in the protein which are much 
harder to reactivate. 

Tetrathionate is structurally similar to thiosul- 
fate and, in fact, can be visualized as a dimer of 
thiosulfate. Hence, it is natural to think that it will 
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Fig. 2. Reactivation of tetrathionate-inactivated rhodanese by 
thiosulfate Rhodanese inactivated by tetrathionate in both E 
and ES forms as in Fig. 1 was made 100 mM with respect to 
thiosulfate and incubated at 23°C. Activity was measured m 
an aliquot as indicated in the figure. The E samples were 
assayed either 1 h (O) or 24 h (X) after adding thiosulfate. 


bind at the same site as thiosulfate and it is of 
interest to know the effect of tetrathionate on the 
binding of thiosulfate to rhodanese. As already 
noted, tetrathionate inactivation of the ES form of 
rhodanese led to 70% inactivated enzyme. In order 
to characterize this form of the enzyme in more 
detail, kinetic studies were performed using this 
enzyme and compared with results generated with 
partially inactivated E having the same total activ- 
ity. The modified enzyme obtained with both E 
and ES forms of rhodanese showed very similar 
kinetics with respect to the substrate thiosulfate. 
Lineweaver-Burk plots of the kinetic data (not 
shown) gave K,, values of 8.06 mM and 7.57 mM 
vor thiosulfate for maximally inactivated ES and 
the partially active, E, respectively. Since K,, for 
thiosulfate has been shown to be equivalent to K, 
[6], these results imply that the tetrathionate mod- 
ification apparently had no effect on the affinity 
of the active enzyme for the thiosulfate. It 1s 
possible, therefore, that 30% active ES achieved at 
1:1 tetrathionate to rhodanese contained fully 
active enzyme, with tetrathionate bound in such a 
way that thiosulfate binding was unaffected, but 
the reaction with tetrathionate leading to inactiva- 
tion was prevented. 

In order to assess the sulfhydryl titer of the 
various tetrathionate-inactivated rhodanese forms, 
DTNB titrations were performed and the data are 
presented in Table I. In keeping with previous 
results, E gave 1 sulfhydryl group under native 
conditions and 4 sulfhydryl groups when dena- 
tured with 6 M guanidinium chloride. When the 
enzyme was inactivated at 1:1 tetrathionate to 
rhodanese, two sulfhydryl groups were measured 
whether the protein was denatured or not. When 
the tetrathionate was present at a 50-fold molar 
excess over enzyme, fewer than one sulfhydryl 
group was detected independent of the presence of 
denaturant. In fact, in the absence ‘of denaturant, 
enzyme so modified still had 30% of its initial 
activity. These results are consistent with a confor- 
mational change in the protein that accompanies 
the inactivation, and seem to indicate, further, 
that tetrathionate can modify additional sulfhydryl 
groups beyond those required for the activity. 

Binding of several effectors near the active site 
of rhodanese has been shown to perturb the chro- 
mophores in the hydrophobic cluster in the inter- 
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TABLE I 


SULFHYDRYL TITER OF NATIVE AND TETRA- 
THIONATE-MODIFTIED RHODANESE 


Rhodanese (ES) (05 mg) was reacted with tetrathionate at 
indicated concentrations as described under Methods and con- 
verted into E form by the addition of 10-fold molar excess of 
CN. The modified enzyme was passed through a PD-10 col- 
umn to remove excess cyanide and tetrathionate. 0 2 mg of this 
was used for DTNB titration according to Ellman’s procedure 
as described by Glazer et al. [27]. For denatured rhodanese, 
protein was run into a solution containing 6 M guanidine 
hydrochloride and DTNB values reported are individual de- 
terminations in duplicate analyses. 


Tetrathionate/ Sulfhydryl groups titrated 
rhodanese (mole /mole) 
buffer 6 M guanidine-HC] 
0 072 3 84 
0.97 3 66 
1 1.54 2.42 
2.06 1.96 
50 0.40 0.38 
0.66 0.60 


domain cleft so as to alter the optical properties of 
the enzyme [18,19]. Hence, we looked at the effect 
of tetrathionate on the intrinsic fluorescence, ab- 
sorption spectra, circular dichroism spectra and 
2,8-ANS binding in E and ES forms of rhodanese. 
It has been shown earlier that the E and ES 
rhodanese differ in their intrinsic fluorescence [16]. 
Addition of cyanide, which removes the sulfur 
from the active-site cysteine residue, leads to a 
stoichiometric increase in fluorescence. Since reac- 
tion at the active-site sulfhydryl group affects the 
intrinsic fluorescence, it was of interest to see the 
effect of tetrathionate modification on the fluores- 
cence of E and ES. As shown in Fig. 3, addition of 
tetrathionate had no effect on ES at any con- 
centration tested, but there was a stoichiometric 
quenching of the intrinsic fluorescence of E. In 
fact, the equivalence point in the fluorescence 
titration of E was consistent with the 1:1 
stoichiometry observed in the activity-based titra- 
tion. Cannella et al. [18] have shown that the 
sulfur in the ES form of the enzyme is in a 
persulfide linkage with a characteristic absorption 
at 335 nm. Removal of this sulfur to produce the 
E form of the enzyme leads to the loss of this 
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Fig. 3. Effect of tetrathionate modification on rhodanese ın- 
trinsic fluorescence Rhodanese intrinsic fluorescence was mea- 
sured as a function of tetrathionate/rhodanese ratio. Excita- 
tron was at 280 nm and emission was at 335 nm. Rhodanese 
was at 0 2 mg/ml @, fluorescence of the ES form of rhodanese; 
O, fluorescence of the E form of rhodanese. 


absorption. Addition of tetrathionate to the E 
form of the enzyme did not result in any absorp- 
tion increase at 335 nm. There was no change in 
the absorption spectrum over the wavelength range 
280 to 400 nm of either the E or the ES forms of 
. the enzyme treated with 1.5-fold molar excess of 
tetrathionate. This suggests that the mechanism of 
quenching of the intrinsic fluorescence of 
rhodanese by tetrathionate is not due to resonance 
energy transfer between the tryptophan residues 
and the bound tetrathionate as has been suggested 
for the quenching due to the introduction of sulfur 
in forming ES [20;21]. 

Addition of cyanide to a sample of rhodanese 
treated with tetrathionate at high protein con- 
centrations (greater than 0.5 mg/ml) led to the 
precipitation of the protein at room temperature. 
Such a precipitation was not observed when the 
sample was cooled to 0°C before cyanide was 
added, suggesting exposure of hydrophobic areas 
on the protein as a result of tetrathionate modifi- 
cation and leading to the aggregation of the pro- 
tein. This is in agreement with increased binding 
of 2,8-ANS to the tetrathionate-modified enzyme 
(see below). 

Circular dichroism spectral studies of rhodanese 
have revealed differences in the secondary struc- 
ture of the E and ES forms of the protein. We 
looked at the CD spectra of rhodanese treated 
with tetrathionate in E and ES forms of the en- 


TABLE II 


ELLIPTICITY VALUES FOR RHODANESE IN E, ES AND 
B-TETRATHIONATE FORMS 


Circular dichroism spectra of rhodanese (6 uM) in 10 mM 
Tris-sulfate, pH 86, were measured at 23°C as described 
under Methods ın E, ES and E-tetrathionate forms. The E-te- 
trathionate form was obtained by reacting the E-form of the 
enzyme with 10-fold excess of tetrathionate. Ellipticity values 
were calculated as descnbed under Methods 


Enzyme Molar ellipticity (10? deg-cm?-dmol™*) 
form 208nm  215nm 220nm 

ES 8.32 7.01 613 

E 789 679 5.91 
E-tetrathionate 10.08 8.54 7.45 


zyme. As shown in Table II, the effect of added 
tetrathionate was to increase ordered secondary 
structure of the protein. This result is in keeping 
with a reorganization of the protein backbone 
following reaction with tetrathionate. 

The hydrophobic fluorescent probe, 2,8-ANS, 
binds to rhodanese at the active site [22]. Hence, 
any changes in the binding of this probe reveal 
changes around the active site. As shown in Fig. 4, 
the effect of added tetrathionate to E was to 
increase the 2,8-ANS fluorescence in a stoichio- 
metric manner. There was a gradual increase in 
the fluorescence up to 1-fold molar excess of 
tetrathionate over the enzyme, after which there 
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Fig. 4. Effect of tetrathionate on 2,8-ANS binding to E and ES 
forms of rhodanese. Rhodanese (0.2 mg/ml) in the E and ES 
forms was incubated with 50 pM 2,8-ANS in 20 mM Tris- 
sulfate buffer, pH 8.5. Excitation was at 350 nm. Emission was 
measured at 450 nm at the indicated concentrations of tetra- 
thionate at 23°C. 


was no further increase. Addition of tetrathionate 
to ES also gave an increase in the 2,8-ANS fluo- 
rescence, but even at very high ratios of tetra- 
thionate over rhodanese the fluorescence was less 
than with the E form. 

The results presented above are consistent with 
tetrathionate modification of rhodanese at more 
than one cysteine residue, although the stoichiom- 
etry of the effects implies that each enzyme mole- 
cule need incorporate only one tetrathionate mole- 
cule to become inactivated. A variety of solution 
results have indicated that at least 3 of the 4 
sulfhydryl groups in rhodanese are close to each 
other at the active site [4]. The presence of sulf- 
hydryl groups close together can result in the 
formation of disulfide bridges by displacement of 
thiosulfate from the sulfenylthiosulfonate formed 
as a result of modification with tetrathionate [23]. 
Hence we looked at the possible presence of vici- 
nal dithiols at the active site of rhodanese using 
the criteria provided by Gaber and Fluharty [24]. 
The results of such a study are shown in Fig. 5. 
Cadmium chloride at 20 mM was able to totally 
inactivate rhodanese in both the E and the ES 
forms, in a first-order process. However, the rates 
of inactivation were different. E was inactivated 
with a half-time of 5 min, as compared to 20 min 
for ES. Cadmium-inactivated rhodanese could be 
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Fig. 5 Time course for cadmium chloride and phenylarsine 
oxide inhibition of E and ES forms of rhodanese. Rhodanese 
(0.2 mg/ml) ın the E and ES forms was incubated with a 
20-fold molar excess of cadmium chlonde in 50 mM Tris- 
sulfate, pH 8.6. Activity was measured with an aliquot of the 
enzyme at various time intervels In a similar fashion rhodanese 
was incubated with a 50-fold molar excess of phenylarsine 
oxide The figure shows a semilog plot @, ES form, O, E form 
with cadmium,; A, ES form, X, E form with phenylarsine 
oxide. 
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reactivated to 70% by 100 mM EDTA but not by 
reducing agents such as dithiothreitol, 
mercaptoethanol or thiosulfate (data not shown). 
This is understandable, since reducing agents 
themselves cause inactivation of rhodanese [6,7[. 
Phenylarsine oxide, another reagent used to detect 
the presence of vicinal dithiols [25,26], also caused 
inactivation of E at a 10-fold molar excess, with 
no effect on the ES form of rhodanese. Phenyl- 
arsine oxide inactivation of rhodanese could not 
be reversed by EDTA or dithiothreitol (data not 
shown). 

Studies of the sulfhydryl groups of rhodanesé 
have been critical for understanding all aspects of 
its structure and function. The results of the pre- 
sent study are consistent with the many solution 
studies that show that sulfhydryl groups in soluble 
rhodanese can be brought into close enough prox- 
imity so that the active-site sulfhydryl group (Cys- 
247) can interact with other sulfhydryl groups in 
the enzyme. This is particularly evident in the 
oxidative inactivation of E by phenylglyoxal in 
which it was shown that a disulfide forms with 
cysteine 247 whose partner is cysteine 254 70% of 
the time and cysteine 263 30% of the time. These 
results are of particular interest, since the X-ray 
structure has been reported not to favor disulfide 
formation. This discrepancy has been the focus of 
studies that have sought to compare the solution 
and crystal structure. 

The scheme presented in Fig. 6 fits the observa- 
tions made in this paper and is in keeping with the 
many other studies of this aspect of the rhodanese 
structure previously reported. In both the E and 
the ES forms of the enzyme, tetrathionate does 
not react with the cysteine residue at position 247, 
instead it reacts 70% of the time with cysteine 254 
and 30% of the time with cysteine 263 (paths A 
and B). These modifications are proposed to be 
mutually exclusive and are in keeping with the 
reactivities reported by Weng et al. [10]. Forma- 
tion of sulfenylthiosulfate at cystein 254 prevents 
thiosulfate binding at the active site sterically and 
electrostatically, leading to the observed inactiva- 
tion. Modification at cysteine 263 is far enough 
from the active site that the resulting enzyme has 
an apparently unmodified K,,. This is quite in 
keeping with the explanation proposed for the 
cyanolytic reactivation of the rhodanese- 
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Fig. 6. Proposed scheme for the inactivation of rhodanese in 
the E and ES forms by tetrathionate. 


thionitrobenzoate complex with the concomitant 
incorporation of cyanide [8]. Addition of cyanide 
to 70% inactivated ES leads to total inactivation 
of the enzyme (see above). This would occur be- 
cause cyanide addition makes the sulfhydryl group 
at the active site free (path C) and could result in 
the formation of disulfide bridges and totally inac- 
tive enzyme (path D). This form of the enzyme 
seems to be more resistant to reactivation by 
thiosulfate (Fig. 2), as is shown by the reactivation 
patterns of Pensa et al. [8]. In the presence of 
excess tetrathionate cysteine 247 also forms a 
sulfenylthiosulfate derivative and prevents the for- 
‘mation of disulfide bridges (path E). This form of 
the enzyme is reactivated much faster (Fig. 2). 
Inactivation of rhodanese by cadmium chloride 
and phenylarsine oxide suggests the presence of 
vicinal thiol groups in rhodanese, and further sup- 
ports a model that invokes interactions among 
sulfhydryl groups that are close together in the 
soluble form of rhodanese. Hence, interaction of 
tetrathionate with rhodanese seems to involve these 
vicinal thiol groups and can lead to the formation 
of disulfide bridges. 
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The glucose 6-phosphate adduct of hemoglobin formed on deoxy incubation of the sugar with hemoglobin is 
primarily present in solution as the unstable aldimine compound; in contrast, the percent ketoamine is higher 
if the adduct is formed in the presence of carbon monoxide. The adduct has a *!P nuclear magnetic 
resonance peak with a chemical shift which is 0.7 ppm up-field from the shift of unreacted glucose 
6-phosphate at pH 7.0 and is constant between pH 6 and 8, while the unreacted sugar phosphate shows the 
characteristic change of chemical shift due to ionization of one of the phosphate protons. ‘This suggests that, 
in the adduct, phosphate is involved in a salt bridge, probably at the 2,3-diphosphoglyceric acid binding site. 


Introduction 


Human hemolysates contain both HbA, and 
chromatographically fast hemoglobins. The most 
abundant of these is HbA., which is formed by 
the non-enzymatic condensation of the B-N-termi- 
nal valine of hemoglobin with glucose [1-3]. Gly- 
cosylated hemoglobins are formed slowly and con- 
tinuously during the 120-day life-span of the red 
cell [4]. Interest in the study of glycosylated hemo- 
globin has recently increased due to the widely 
accepted use of the measurement of the fast hemo- 
globin fraction as a quantitative index in the con- 
trol of diabetes. Glycosylated proteins may exist 
in the aldimine form, which is in rapid equilibrium 
with the free sugar and reactive amino group, or in 


Abbreviations: HbA g, unmodified hemoglobin; HbA,,, hemo- 
globin with glucose at the N-terminal; G-6-P-Hb, glucose-6- 
phosphate-hemoglobin adduct; NMR, nuclear magnetic reso- 
nance, 
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the ketoamine form, which is formed from the 
aldimine in a nearly irreversible reaction in which 
a carbonyl group is formed on the C-2 carbon. 
The contribution of the labile (aldimine) form to 
HbA,, measurements has been a topic of recent 
concern [5,6]. 

Other sugars, sugar phosphates and metabolites 
can form adducts with hemoglobin which migrate 
as fast hemoglobins and may interfere with the 
quantitation of HbA,, and may also be involved 
in the pathophysiology of diabetes. One of these is 
glucose 6-phosphate, which is present at high con- 
centration in the red cell [7] and is a reasonable 
model for this class of compounds. The glucose 
6-phosphate adduct of hemoglobin has been found 
to correlate with levels of blood glucose and 
migrates with the clinically determined fast hemo- 
globin. It forms more readily than does the glu- 
cose-Hb adduct because a higher proportion of 
glucose 6-phosphate molecules in solution are in 
the open-chain structure which has a reactive al- 
dehyde [8], and because glucose 6-phosphate affin- 
ity for the 2,3-diphosphoglyceric acid binding site 
brings the glucose 6-phosphate into close proxim- 
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ity for reaction with the -N-terminal valine of 
hemoglobin. It has been demonstrated that the 
N-terminal of the f-chain is one of the sites 
involved in the binding of 2,3-diphosphoglyceric 
acid [9,10]. 

The experimental questions which will be ad- 
dressed are: what is the predominant solution 
form of the G-6-P-Hb adduct (aldimine or keto- 
amine); and, what is the state of the phosphate on 
the adduct? 


Methods 


Hemoglobin without 2,3-diphosphoglyceric acid 
was prepared by chromatography in 0.05 Tris-HCl 
at pH 8.1 on DE-52 (Whatman, Clifton, NJ) and 
elution with the same buffer with 0.5 M NaCl 
added. 3 P-NMR was used to verify that the 2,3- 
diphosphoglyceric acid content was reduced to 
less than 0.2 mM per 5 mM of tetramer. Hemo- 
globin-A,, was removed by Bio-Rex 70 chro- 
matography as described by McDonald et al. [11]. 
The glucose 6-phosphate adduct was prepared by 
incubating 2~3 mM hemoglobin A tetramer with 
50 mM glucose 6-phosphate in a 0.08 mM Tris-HCl 
buffer at pH 7.2 under CO or deoxy conditions in 
the presence of Garamycin (Schering Corp. 
Kenilworth, NJ) for 72 h at room temperature 
(20—25°C). The preparation to this point is called 
the glucose 6-phosphate reaction mixture. Shorter 
incubations carried out in the absence of 
Garamycin yielded the same adduct at the same 
rate. For NMR experiments unreacted glucose 
6-phosphate was removed by Sephadex G-25 
chromatography in 0.08 M Tris-HCl buffer fol- 
lowed by concentration by vacuum dialysis against 
the same buffer. The amount of the adduct pre- 
sent was estimated by use of Isolab Fast-Hemo- 
globin columns (Isolab Inc, Akron, OH). When 
the species present is in the aldimine form, mini- 
columns such as the Isolab indicate a higher per- 
cent fast hemoglobin present than other methods 
[12]. An aliquot of the deoxy reaction mixture was 
transferred to a separate flask and incubated un- 
der CO conditions for 48 h and the percent aldim- 
ine and ketoamine present was determined as de- 
scribed below. Another aliquot of the reaction 
mixture was reduced with borohydride by adding 
sodium borohydride at a 3:1 wt/wt (boro- 


hydride/ hemoglobin) ratio in an ice bath for 15 
min. The reaction was stopped by applying the 
mixture to a G-25 Sephadex column and rapidly 
eluting the hemoglobin with 0.08 M Tris-HCI at 
pH 7.2. The column is destroyed by this process 
but the hemoglobin can be successfully recovered 
with good yield. The ratio of the aldimine to 
ketoamine forms was determined by incubation of 
one part reaction mixture with five parts of Isolab’s 
Aldimine Eliminator (Isolab Inc, Akron, OH) at 
room temperature for 1 h. The procedure is based 
on the instability of aldimines at low pH [13,14]. 
Bio-Rex 70 chromatography was carried out as 
described by McDonald et al. [11]. A Jeol 100 
PFT NMR spectrometer operating at 40.5 MHz 
for phosphorus was used at room temperature 
with proton decoupling. Chemical shifts were de- 
termined as the distance from a reference line of 2 
mM *H,PO, contained in a concentric tube which 
had *H,O and 7H,SO,. Peak areas were de- 
termined by the integration software provided by 
Jeol after measurement at two repetition rates (4 
and 10 s) demonstrated that a 4 s rate introduced 
no systematic errors. The pH titration was carried 
out by dialyzing one-aliquot of the adduct to pH 
6.2 and a second aliquot to pH 8 and mixing the 
two solutions for intermediate pH values. This 
procedure avoids dilution and degradation effects 
associated with adding strong acid or base to 
hemoglobin solutions. All samples were well 
oxygenated by exposure to 100% O,, EDTA was 
added to a 1 mM concentration, and the hemo- 
globin concentration in the NMR tube was be- 
tween 2 and 4 mM in Hb tetramer. 


Results and Discussion 


Stability of the G-6-P-Hb adduct 

After deoxy incubation of glucose 6-phosphate 
and hemoglobin, Sephadex G-25 chromatography 
of the reaction mixture to remove unreacted glu- 
cose 6-phosphate yields a solution with a new 
31P-NMR peak which is characteristic of the G-6- 
P-Hb adduct. Chromatography on Bio-Rex (Fig. 
1) resolves the more rapidly migrating G-6-P-Hb 
adduct, which co-chromatographs with HbA,,..5 
but is well separated from HbA,, and HbAp. 
When this fast peak is isolated and subjected to 
rechromatography on Bio-Rex, loss of the-adduct 
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Fig. 1. Two cycles of Bio-Rex chromatography of the glucose 
6-phosphate adduct of hemoglobin. The first is chromatogra- 
phy of the deoxy reaction mixture after glucose 6-phosphate 
has been removed by Sephadex G-25 chromatography. Panel B 
is re-chromatography of the first peak eluted (shown between 
dashed hnes on panel A) with regeneration of HbA». 


is detected and HbA, is regenerated (Fig. 1), 
which implies that the adduct is not stable to 
chromatography on Bio-Rex and that determina- 
tions by this method (which includes the Isolab 
columns) may underestimate the amount. of ad- 
duct present. If the first peak eluted is examined 
by '!P-NMR after the first chromatography, no 
adduct is detected. Reaction of the adduct with 
borohydride allowed Bio-Rex chromatography 
without decomposition and NMR detection of the 
adduct. Therefore it is the sugar—protein bond 
which is labile rather than the sugar—phosphate 
bond. Chromatography on Isolab fast hemoglobin 
columns before exposure to glucose 6-phosphate 
revealed that there was 0.59 + 0.26% fast Hb. In- 
cubation under deoxy conditions for, 72 h at 25°C 
gave 52.9 + 1.8% adduct before incubation at low 
pH to remove the aldimine form and 3.0 + 0.1% 
after, while low-pH incubation of the boro- 
hydride-reduced adduct gave 52.35% before and 
51.97% adduct after incubation. We:can conclude 
that the adduct is unstable to chromatography 
because about 90% is present in the aldimine 
form. In contrast, low-pH incubation of the reac- 
tion product formed under CO conditions reveals 
9.1 + 0.1% before and 2.9+0.1% after (or 30% in 
the ketoamine form), which suggests that although 
less adduct is formed under .CO conditions, a 
greater percent of the adduct formed is in the 
ketoamine form. Incubation of the deoxy reaction 
product in the presence of excess glucose 6-phos- 
phate for 48 h with CO resulted in rapid decom- 
position, with a half-life of about 6 h (Fig. 2), and 
no excess ketoamine formation. This observation 


111 


60 
ve 
50 i 
H 
Q2 
=> 
A 40 
«Xt 
j a 
= 
Ww 30 
ao 
bat 
a. 
20 
10 vad fa pa a) 
pan Aon eee Bae te ee me em cee se a 
O07 pt Wek ing 
720 6 {2 18 24 48 
Hox- | HOURS 
C0 CO 


Fig 2. Percent G-6-P-Hb adduct formed under CO (©) and 
deoxy (@) conditions and the percent ketoamine formed in 
both cases (A) HbA from which 2,3-diphosphoglyceric acid 
and HbA,, had been removed was incubated for 72 h under 
CO or deoxy conditions with 25 g/dl Hb, pH 72, 50 mM 
glucose 6-phosphate, Garamycin and 0.08 M Tns-HCl. The 
deoxy mixture was then transferred to a CO atmosphere and 
the incubation was continued for 48 h. Aldimine and keto- 
amine concentrations were determined as indicated in the text 


suggests that decomposition of the aldimine due 
to the CO conformation is faster than conversion 
to the ketoamine form. These results suggest that 
the discrepancies in the reports of different workers 
on the amount of glycosylated hemoglobin formed 
on in vitro incubation may be due to different 
percents of the ketoamine form due to differences 
in the incubation conditions, as well as different 
sensitivities of various assays to the aldimine form. 


The solution structure of the adduct 

The investigation of the glucose 6-phosphate 
adduct of hemoglobin is complicated by the tend- 
ency of sugars and sugar phosphates to decom- 
pose and rearrange. Such complications make 
quantitation and structural determination dif- 
ficult. **P-NMR is sensitive to the quantity and 
solution structure of any adduct formed and can 
be used to elucidate the state of the phosphate 
group in the G-6-P-Hb adduct. Fig. 3 illustrates 
the **P-NMR behavior of inorganic phosphate, 
glucose 6-phosphate and the G-6-P-Hb adduct in 
solution as a function of pH. The area of the peak 
identified as the adduct is proportional to the 
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reference P. G-6-P_ G-6-P-Hb 

Fig 3. ”P-NMR spectra of P,, glucose 6-phosphate (G-6-P) 
and G-6-P-Hb formed by deoxy incubation at three different 
pH values: A, 7.55; B, 71; C, 66. Spectra were collected at 
25°C and 40.5 MHz. They are reversed from left to right 
because of the quadrature detection on the JEOL-100 


amount of the adduct detected by Bio-Rex chro- 
matography. 

Fig. 4 illustrates that, although a change in 
chemical shift is observed with a change in pH for 
the phosphate group of glucose 6-phosphate and 
inorganic phosphate, a change is not observed for 


Chemical Shift (ppm) 





Fig. 4. Plot of *!P-NMR chemical shift of the G-6-P-Hb 
adduct formed under deoxy conditions (A), G-6-P-Hb adduct 
after borohydride reduction (X), unreacted glucose 6-phos- 
phate (©), and inorganic phosphate (C) as a function of pH. 
Spectra were collected at 25°C and 40.5 MHz with proton 
decoupling. 


the glucose 6-phosphate adduct of hemoglobin or 
its borohydride-reduced form. The chemical shift, 
which is similar to that of the fully titrated glucose 
6-phosphate, and the fact that the proton on the 
phosphate group of the G-6-P-Hb adduct is no 
longer titratable, suggest that the phosphate is 
involved in a salt bridge with an amino acid on 
the hemoglobin. However, the chemical shift may 
be the sum of several compensating factors and 
the present data cannot rule out the possibility of 
a internal hydrogen bond. Since the primary’ site 
of glycosylation is the B-N-terminal, the phos- 
phate is probably interacting with a group at the 
2,3-diphosphoglyceric acid binding site. This ob- 
servation is consistent with the observations of 
Chiou et al. [15] that the oxygen affinity of the 
glucose 6-phosphate adduct is reduced; that the 
oxygen affinity of the adduct 1s insensitive to the 
potent 2,3-diphosphoglyceric acid competitor in- 
ositol hexaphosphate [13]; and the observation of 
Haney and Bunn [16] that 2,3-diphosphoglyceric 
acid interferes with formation of the adduct of 
glucose 6-phosphate and deoxy hemoglobin. The 
observation that the borohydride-reduced adduct 
has a chemical shift and pH-dependence similar to 
that of the unreduced glucose 6-phosphate adduct 
suggests that the predominant conformation of the 
sugar is the open-chain form. The aldimine and 
ketoamine forms can form six- or five-membered 
rings, respectively, but the borohydride-reduced 
adduct has no carbonyl to form a ring. 

The glucose 6-phosphate adduct of hemo- 
globin, prepared by deoxy incubation, is unstable 
because it 1s mainly in the aldimine form. In 
contrast, the product of the CO incubation con- 
tains significant amounts of the stable ketoamine 
form. The *'P-NMR peak associated with the 
adduct shows no change in chemical shift between 
pH 6 and 8, which suggests that it is involved in a 
salt bridge, probably at the 2,3-diphosphoglyceric 
acid binding site of hemoglobin. The predominant 
form of the sugar phosphate on the hemoglobin is 
probably the open-chain form. 
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The degree of unfolding of various forms of human and bovine a-lactalbumin was characterized by the 
chromatographically determined distribution coefficient. Molecular size increases as follows: native protein 
= apo form < acid form < thermally unfolded form ~ guanidine hydrochloride-unfolded protein. 


During the past decade differential scanning 
calorimetry has gained importance in the study of 
thermal transitions of proteins [1,2]. However, the 
value of calorimetrically determined thermody- 
namic quantities remains questionable, since ther- 
mal unfolding might be incomplete as judged by 
circular dichroism and viscosity measurements [3]. 
Recently studies of a-lactalbumin by viscosity [4], 
light and X-ray scattering [5-11] became available 
showing that both the thermally denatured protein 
(T-state) and a well-characterized intermediate 
(A-state at pH 2 [12]) are only slightly expanded 
compared with the native protein (N-state) 
[4,5,9,11]. Accordingly, the T-state was proposed 
to be substantially different from the guanidine 
hydrochloride (GuHCl) unfolded protein (U- 
state), which has far-reaching consequences for 
the value of thermal unfolding studies. In these 
experiments, however, a protein concentration up 
to 100 mg/ml! was required, and difficulties due to 
aggregation and extrapolation to zero protein con- 
centration were reported. To avoid these prob- 
lems, in the present paper we characterize various 
states of a-lactalbumin by analytical column chro- 
matography using a protein concentration of the 
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same order of magnitude as in optical and calori- 
metric investigations. 

Analytical chromatography was performed 
according to Refs. 13 and 14 using thermostatted 
columns (0.9 x 100 cm and 0.9 x 50 cm) packed 
with Sephadex G-100. 0.5 mg protein in 0.5 ml 
buffer with Blue Dextran and DNP-glycine as 
internal standards was supplied, except for the 
experiments in inset B in Fig. 1. The flow rate was 
5 ml per h. Buffer conditions are given in Table I. 
The distribution coefficient given below is defined 
by Ka = (vu, — Vo) /(¥, — Vo), where v, is the elution 
volume of the protein, V, is the void volume and 
uv, is the elution volume of the low molecular 
weight internal standard. a-Lactalbumin was pre- 
pared as described in Ref. 15. 

Chromatographically determined distribution 
coefficients of various states of a-lactalbumin at 
4°C are given in Table I. In agreement with X-ray 
and light scattering studies [S—11] the acid form, a 
native-like intermediate, is characterized by only a 
slight reduction in K, (corresponding to about a 
10% increase of Stokes radius according to Ref. 5) 
when compared with the native and GuHCl-un- 
folded protein (corresponding to about a 40% 
increase in Stokes radius [5]). The K, of the 
apo-form is indistinguishable from that of the 
native protein. As an exception, however, the 
apo-form of bovine a-lactalbumin was found to 
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Fig. 1. Temperature dependence of the distribution coefficient Ka for native (N), acid (A), GuHCl-unfolded {U}, and thermally 
unfolded (T) bovine (BaLA) and human (HaLA) a-lactalbumin. Inset (A): Ka as determined at 4°C using protein standards: 
cytochrome c, lysozyme, myoglobin, chymotrypsinogen, egg albumin and bovine serum albumin Inset (B): Ka of thermally unfolded 
bovine apo-a-lactalbumin at 40°C versus amount of protein supplied to the column Buffer: 10 mM borate, 1 mM EDTA, pH 8.0 


be expanded in the absence of sodium chloride. It 
is known from calorimetric studies that the ther- 
modynamic properties (transition temperature and 
enthalpy) of bovine apo-a-lactalbumin are depen- 
dent on ionic strength, in contrast to the human 
protein [15]. 

The chromatographically determined distribu- 
tion coefficient of various a-lactalbumin forms 
(N, A and U) remains almost constant over a 


temperature range from 4 to 50°C (Fig. 1). The 
thermally unfolded protein which was obtained 
from the apo-form because of its lower transition 
temperature [15,16] shows a K, value close to 
that of the GuHCl-unfolded protein. Thus, the 
size of the thermally unfolded protein is close to 
that of the GuHCl-unfolded protein and is signifi- 
cantly different from that of the less-expanded 
intermediate, the A-state. 


DISTRIBUTION COEFFICIENT K, OF VARIOUS a-LACTALBUMIN STATES DETERMINED BY CHROMATOGRAPHY 


TABLE I 

AT 4°C 

State a-Lactalbumin Kg 

Native (N) bovine 0.51 +0.01 
Native (N) human 0.50 + 0.01 
Acid (A) bovine 048+0.01 
Acid (A) human 0 48 +0.01 
Unfolded (U) bovine 0 38 +0.01 
Unfolded (U) human 03740.01 
Apo bovine 046+001 
Apo human 0.51 +0.01 
Apo + NaCl bovine 0.53 + 0.02 
Apo+ NaCl human 0514001 


. Buffer 


20 mM Tris, 0.1 mM CaCl,, pH 7.5 

20 mM Tris, 0.1 mm CaCl,, pH 7.5 

50 mM KC1/HC], pH 20 

50 mM KCI/HCI, pH 20 

65 M GuHCl, pH 7.5 

6.5 M GuHCl, pH 75 

10 mM borate, 1 mM EDTA, pH 8.0 

10 mM borate, 1 mM EDTA, pH 8.0 

10 mM borate, 1 mM EDTA, 0.25 M NaCl, pH 8.0 
10 mM borate, 1 mM EDTA, 0.25 M NaCl, pH 80 
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The transition of the native protein into the 
intermediate (A-form) is accompanied by an en- 
thalpy change which is nearly the same as in 
GuHCl-induced unfolding [17], although the sec- 
ondary structure is completely retained, and the 
molecule size is only slightly increased. In contrast 
to the transition of the native protein into the 
A-form, the thermal transition is accompanied by 
reduction of the CD amplitude in the far ultra- 
violet region [18], a considerable increase in size 
(this work) and the same enthalpy change as in 
GuHCl-induced unfolding [19]. Thus, the degree 
of unfolding as determined by nonthermodynamic 
quantities (circular dichroism, size) does not seem 
to be relevant to calorimetrically determined ther- 
modynamic quantities. Therefore, the often ob- 
served ‘residual structure’ in thermal unfolding 
must not be overestimated in thermodynamic con- 
siderations. 
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Lipases (triacylglycerol acylhydrolase, EC 3.1.1.3) have been used in organic media for the catalysis of 
reactions such as hydrolysis, esterification and transesterification. In these conditions it was confirmed that 
all reactions proceed through an acyl enzyme intermediate in two successive steps: acy! enzyme formation 
and solvolysis. The competition between two acyl acceptors (acyl donors) for reaction with a donor 
(acceptor) is described for the first time. A kinetic model is proposed using a competitive factor which is in 
good accordance with experimental results. The model was used successfully for the prediction of alcohol 


(acid) separations and resolutions by lipases. 


Ester hydrolysis of emulsified substrates by 
lipases (EC 3.1.1.3) obeys complex kinetics [1—4]. 
In organic media ester synthesis and transesterifi- 
cation have been described [5~16] with an insolu- 
ble enzymatic preparation. As reported by others 
[17], and observed by us in this study, the reaction 
rate v,, in organic solvent, increased with the 
substrate concentration [A] according to a 
Michaelis-Menten equation: 


_ Ya [A] 
va = K,+[A} (1) 


Furthermore a ping-pong mechanism has been 
proposed including the formation of an acyl en- 
zyme intermediate [17]. When two substrates (A 
and B) are present at the same time in the reaction 
mixture, a competitive factor a is then defined by 
the ratio of the catalytic powers according to Eq. 2 
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[20]: 


_ Va/Ka 
oF Val Ke a 
This formalism was also used by Chen et al. [18] 
for two enantiomers of the same substrate. The 
competitive factor can be calculated from one of 
the following equations [20]: 


maed e (3) 


log ([A]/[A]o) = & log ([B]/IB]o) (4) 


In this paper we describe the use of the preced- 
ing model for reactions in organic media using 
different acyl donors and acceptors. For instance, 
when two different esters (AcX and AcY) of the 
same acid are used as acyl donor a competitive 
donor factor ap can be calculated (Fig. 1, full 
arrows). When two acceptors (X and Y) are used a 
competitive acceptor factor a, can be calculated 
(Fig. 1, dotted arrows). The competitive factors 
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Fig. 1 Lipase competition reactions. AcX, AcY and AcZ = acyl 
donors (esters or acids), E = lipase, X, Y and Z, acyl acceptors 
(alcohols or water); AcE = acyl enzyme; full arrows, competi- 
tion between two acyl donors (AcX and AcY); dotted arrows, 
competition between two acyl acceptors (X and Y). 


were estimated from the variations of substrate 
concentrations (A and B) with time plotted 
according to Eq. 4. Fig. 2 shows a typical result 
for the competition between butanol (A) and water 
(B) with isopentyl butyrate as acyl donor. In the 
same figure the competition between the R and S 
enantiomers of 2-butylbutyrate is also shown. 
Table I shows the results for the competitive 
donor factors a, for four different couples of acyl 
donor, three different acceptors and two lipases. It 
is seen that the competitive donor factér a, was 
independent of the alcohol used as acceptor when 
a given mixture of acyl donor was used. For 
instance a, was 3.6 for the competition between 
cyclohexyl butyrate and isopentyl butyrate inde- 
pendently of the acceptor (geraniol, lauryl alcohol 
or (~)-menthol). This conclusion was true for 
every couple of acyl donor tested (AcX and AcY) 
even when butyric acid or tributyrin were used. 
The lipases from Candida Cylindracea (recently 
renamed Candida rugosa) and Mucor miehi 
showed the same property and identical results 
were observed using different substrate concentra- 
tions. Thus it can be concluded that this is a 


TABLE I 


LOG (A fA) 


0 o5 1 
LOG (Bo/B) 
Fig 2. Estimation of competitive factor. a, competition be- 
tween butanol ({[A] = 0.25 M) and water ([B] = 0235 M) 
with 1sopentyl butyrate as acyl donor (2 M) ın tetrahydrofuran. 
©, competition between R and $ 2-butyl butyrate ([A]a = 
[B] = 025 M) with lauryl alcohol (05 M) as acceptor in 
hexane Temperature was 40°C and C. cylindracea was used 


general property of the lipase-catalyzed reactions 
in organic solvents. 

The competitive acceptor factors a, were also 
measured using the same method. The results are 
shown in Table II for three different donors, three 
couples of acceptors and two lipases. The compe- 
titive acceptor factor a, was independent of the 
ester (AcZ) used as donor and of the lipase tested. 

For instance, a, was 2.2 for the competition 
between geraniol and nerol independently of the 
donor (tributyrin, isopentyl butyrate and butyric 
acid). The same conclusion can be drawn for the 


ACYL DONOR COMPETITIVE FACTORS ap IN LIPASE-CATALYZED REACTIONS IN ORGANIC MEDIA 


The reaction conditions were: 40°C, acyl donors and acceptors 0.5 M in hexane Crude commercial lipase preparations were used at 
a concentration of 1 to 6% (w/v). The activity of the lipases on tributyrin was 14000 I.U./g for C. cylindracea (lipase My, Meito 
Sangyo) and 120000 I.U./g for M. mieh: (Novo); for definition of units see Ref. 22. Esters and alcohols were assayed by GLC using 
silica fused capillary columns SE52 or DBS, 25 m. Acids were assayed by titration and water by the Karl Fischer method. 


Acyl donor (AcX, AcY) 


C. cylindracea lipase 


M. Mielhi lipase 


Acceptor (Z): geraniol lauryl alcohol (-)-menthol geraniol lauryl alcohol 
Cyclohexyl butyrate /isopentyl butyrate 3.64 + 0.06 3.66 +0.11 3.67 +007 + i 
Butynic acid /buty! butyrate 3.19+0.08 3.14+40.04 3.1440.01 3.02+40.02 2.88+0.10 
Butyl butyrate /isopentyl butyrate 2.66 + 0.06 2.58 +010 2.57 + 0.06 1.3240.01 1.41+0.01 
Tributyrin/butyl butyrate 20.09+27 20 09+3.9 - 6.1 +1.6 6.1 0.4 


TABLE II 
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ACYL ACCEPTOR COMPETITIVE FACTOR a, IN LIPASE-CATALYZED REACTIONS IN ORGANIC MEDIA 


Experimental conditions were the same as in Table I Geraniol and nerol were 0.25 M ın pure tnbutyrin or isopentyl butyrate and in 
1 M butyric acid in heptane. Butanol was 0.25 M, water 0.235 M and esters 2 M ın tetrahydrofuran The lipase concentrations were 


0.25% (w/v). 
Donor {AcZ) C. cylindracea lipase M. mielhi lipase 

Acceptor (X, Y). geramol/nerol butanol /water geraniol/nerol butanol /water 
Tributyrin 2 25 +0.04 3.86 +0.03 1934002 1.08+0 01 
Isopentyl butyrate 2 20 +0.04 3 58 +0.02 1.57 +0.02 1.08 +0.01 
Butyric acid 2,20 + 0.08 - 1.99 + 0.03 ~ 


competition between butanol and water and for 
both lipases tested. 

From the results in Tables I and’ II it can be 
concluded that esters (or acids) and alcohols (or 
water) bind to different enzyme species which are, 
most probably, the free and acyl enzymes (E and 
AcE in Fig. 1). In organic solvent, the formation 
and the solvolysis of the acyl enzyme occur in two 
independent steps. This result for C. cylindracea 
and M. miehi is in agreement with a previous 
report for pancreatic lipase [17] in organic solvent. 
The use of competitive factors a, is ‘a simple and 
easy way of describing the kinetics of the lipase- 
catalyzed reaction with two substrates. This is not 
the case in a biphasic system, where the kinetics 
are usually much more complex [3]. 

The domain of application of the model was 
further extended to comparison with equilibrium 
constants. Application of the Haldane [19—21] 


TABLE III 


equation to the following equilibrium: 


AcX+Y = AcY+X (5) 
allows the derivatization of Eqn. 6 which corre- 
lates the equilibrium constant with the competitive 
factors: 


Vacx/ Kacx Vy/Ky 
Mey SEDATE Raa Vaf Kx 

The competitive factors a, and a, were mea- 
sured for different donors (AcX and AcY) with 
lauryl alcohol as- acceptor (Z) and for different 
acceptors (X and Y) with tributyrin as donor. The 
results are shown in Table HI. The equilibrium 
constant (K,,) was estimated by measuring the 
substrate and product concentrations (AcX, Y, 
AcY and X) at equilibrium and compared to the 
ratio ap/a,. The two values were identical within 


RELATIONSHIP BETWEEN COMPETITIVE FACTORS (ap AND A,) AND THE EQUILIBRIUM CONSTANT OF THE 
REACTION AcX +Y = AcY +X FOR C. CYLINDRACEA LIPASE 


For experimental conditions see Table I. The enantiomeric excess was determined by GLC on the alcohols according to the method 
of Konig [23]. For 3,3-dimethyl-2-butanol derivatization was done with (&)-(+)-phenylethylisocyanate 








(X, Y): Acyl donor Acyl acceptor 

butyryl esters (AcX, AcY), lauryl alcohol (Z): tributyrin (AcZ), alcohols (X, Y): 

an aa ap/a, K eq 
Butyl /isopentyl 2 58 +0.10 3 91 +0.07 0.66 0.56 
Cyclohexyl/isopentyl 3.66+0 11 1.13 +0 07 32 31 
Cyclohexyl/butyl 1.39+0 01 0.3040 29 4.6 4.9 
(R /S)-2-Butyl 1.18+0.01 1.13 +0.01 1.04 ~ 
(R /S)-3,3-Dimethyl-2-butyl 26.0 +3.5 26.9 +1.4 0.97 ~ 
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experimental errors, for the three different equi- 
libria tested. This is a strong confirmation of the 
validity of the kinetic model in organic media. 

An important application of the model is the 
Classification of acyl donors (or acceptors) accord- 
ing to their competitive factors. For instance, from 
the results in Tables I and IJ with the C. cylin- 
dracea lipase, taking butyl butyrate as reference, 
the following scale of acyl donor can be deduced: 
tributyrin (20.9) > butyric acid (3.19) > cyclohex- 
ylbutyrate (1.39) > isopentyl butyrate (1/2.66). 
Then one can easily compare the'reactivity of 
different acyl donors in transesterification reac- 
tions. If all the acy] donors are present at the same 
time in the reaction mixture the model allows the 
prediction of reaction rates for each of them. This 
will be very useful when natural mixtures of esters 
are used in transesterification reactions. For acyl 


acceptors, the same approach gives the following ` 


scale in the case of butyryl transfer with c. cylin- 
dracea lipase: butanol (3.7) > cyclohexanol (1.1) 
> water (1.0) > isopentanol (0.95). 

Some examples of kinetic separations are now 
given using C. cylindracea lipase. 

In the case of alcohol resolution, the two enan- 
tiomers are considered as competitors towards the 
enzyme active site [18]. According to the microre- 
versibility principle one should expect that a, = 
a,. The results are given in Table III for two 
alcohols. 2-Butanol could not be easily resolved 
(a = 1.15) under our conditions. A different result 
with this alcohol has been reported by others 
[10,11]. In contrast the other alcohol, (R/S)-3,3- 
dimethyl-2-butanol could be easily resolved (a = 
26.5). The R enantiomer was prepared in large 
amounts (50 g) in two steps. In the first step the 
butyryl ester was synthesized and then ester 
solvolysis was done in the experimental conditions 
given in Table III. The conversion yield was 40% 
for both reactions and the enantiomeric excesses 
were respectively 88 and more than 98%. 

Acid separations were demonstrated using 
butyric-lauric competition. When geraniol was 
used as acceptor the selectivity was higher for 
triacylglycerides (ap = 32 + 3) than for free acids 
(ap = 8.9 + 0.9). Thus the separation of butyric 
and lauric acid can be easily done using tributyrin 
and trilaurin. In these competitive reactions, two 


different acyl enzymes are concerned, in contrast 
with alcohol separations, where the same acyl 
enzyme is involved. Both the leaving and the 
acceptor groups played a role in the reaction 
selectivity. This approach can be easily extended 
to acid resolutions for which a systematic search 
for better acceptor and leaving groups has to be 
carried out. 


References 


1 Densnuelle, P (1972) in The Enzymes 3rd Edn (Boyer, 
PD, ed.), Vol 7, pp. 575-616, Academic Press, New York 
2 Brockerhoff, H and Jensen R.G. (1974) Lipolytic Enzymes, 
pp 34-90, Academic Press, New York 
3 Verger, R and De Haas, G H. (1976) Annu. Rev. Biophys 
Bioeng 5, 77-117 
4 Verger, R (1980) Methods Enzymol 64, 340-392 
5 Bell, G., Blain, J.A., Patterson, J.D.E, and Todd, R. (1976) 
J Appl. Chem Biol. 26, 582-583 
6 Bell, G., Blain, J.A., Patterson, J D.E, Shaw, C.E L. and 
Todd, R. (1978) FEMS Microbuol. Lett. 3, 223-225 
7 Patterson, J.D.E., Blain, JA, Shaw, C.E.L, Todd, R. and 
Bell, G (1979) Biotechnol. Lett. 1, 211-216 
8 Seo, C.W., Yamada, Y. and Okada, H. (1982) Agric. Biol. 
Chem 46, 405-409 
9 Zaks,A. and Klibanov, A.M (1984) Science 224, 1249-1251 
10 Cambou, B. and Khbanov, A.M. (1984) J. Am. Chem Soc 
106, 2687-2692 
11 Cambou, B and Khlbanov, A.M. (1984) Biotechnol. Bioeng. 
26, 1449-1454 
12 Kirchner, G., Scollar, M P. and Khbanov, A.M (1985) J 
Am Chem. Soc 107, 7072-7076. 
13 Koshiro, S, Sonomoto, K., Tanaka, A. and Fukw, SJ. 
(1985) Biotechnology 2, 47-57 
14 Langrand, G., Secchi, M., Buono, G., Baratti, J. and Tri- 
antaphylides, C. (1985) Tetrahedron Lett. 26, 1857-1860 
15 Marlot, C., Langrand, G., Tnantaphylides, C. and Baratti, 
J (1985) Biotechnol. Lett. 7, 647—650 
16 Langrand, G., Baratti, J., Buono, G, and Triantaphylides, 
C (1986) Tetrahedron Lett. 27, 29-32 
17 Zaks, A. and Klibanov, A.M. (1985) Proc Natl. Acad. Sci. 
USA 82, 3192-3196 i 
18 Chen, C.S, Fummoto, Y., Girkaudas, G and Sih, C.J. 
(1982) J Am. Chem. Soc. 104, 7294-7299 
19 Haldane, J.B.S. (1965) in. Enzymes, p. 80, MIT Press 
Paperback 
20 Laidler, K.J. and Bunding, P S. (1973) in The Chemical 
Kinetics of Enzyme Action, 2nd Edn., pp. 173-175, 
Clarendon Press, Oxford 
21 Segel, S.H. (1975) in Enzyme Kinetics, pp 34-37, Wiley 
Interscience, New York 
22 Lavayre, J. and Baratti, J. (1982) Biotechnol Bioeng. 24, 
1007-1013 
23 Konig, W.A., Francke, W. and Benecke, I. (1982) J. Chro- 
matogr. 239, 227-231 


Biochimica et Biophysica Acta 911 (1987) 121-126 
Elsevier 


BBA 30161 


121 


BBA Report 





Enzyme kinetic evidence of active-site involvement in the interaction 
between aldolase and muscle myofibrils 


Simon J. Harris and Donald J. Winzor 


Department of Biochemistry, Uniwersity of Queensland, St Lucta, Queensland 4067 (Australta) 


(Received 19 August 1986) 


Key words: Aldolase—myofibril interaction; Enzyme kinetics; Fructose 1,6-bisphosphate 


The interaction of aldolase with the myofibrillar matrix of rabbit skeletal muscle has been investigated by 
means of its effect on kinetic parameters for the enzyme-catalyzed cleavage of fructose 1,6-bisphosphate. 
Involvement of the active site in the enzymic interaction with the thin filament of muscle is indicated, the 
association constant for competitive inhibition of catalysis (420000 M ~') being in excellent agreement with 
the value of 410000 M ~! obtained under the same conditions (pH 6.8, J 0.16) from partition equilibrium 
studies of the aldolase—myofibril interaction (Kuter, M.R., Masters, C.J. and Winzor, D.J. (1983) Arch. 
Biochem. Biophys. 225, 384-389). A second kinetic study, designed to take into greater account the 
inhibitory effects of substrate and other phosphate-containing metabolites on the interaction of enzyme with 
myofibrils, has substantiated further the concept of aldolase existing as an equilibrium mixture of 


cytoplasmic and filament-bound forms in muscle tissue. 


Equilibrium partition studies of the interaction 
between aldolase and the thin filaments of rabbit 
skeletal muscle have provided quantitative evi- 
dence of the physiological significance of the phe- 
nomenon [1-4]. Furthermore, the similarity of the 
equilibrium constants for the aldolase—phosphate 
interactions responsible for the competitive inhibi- 
tion of enzyme catalysis and enzyme adsorption to 
muscle myofibrils was taken to signify identity of 
these interactions [4]. Such evidence for the in- 
volvement of the active-site region in the reversi- 
ble binding of aldolase to the myofibrillar matrix 
is, however, seemingly in conflict with an earlier 
enzyme-kinetic investigation [5], which reported 
an enhanced maximal velocity. for aldolase bound 
to synthetic thin filaments. In view of this dis- 
crepancy, a further study has been undertaken to 
ascertain the effect of enzyme adsorption on 
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kinetic parameters for the aldolase-catalyzed 
cleavage of fructose 1,6-bisphosphate. 

Rabbit muscle aldolase was obtained as an 
ammonium sulphate suspension from Sigma 
Chemical Co., who also supplied fructose 1,6-bi- 
sphosphate, glucose 1-phosphate, creatine phos- 
phate and ATP. Other chemicals were of reagent 
grade. Before use the aldolase was freed of am- 
monium’ sulphate by extensive dialysis against 0.01 
M imidazole-HCl buffer, pH 6.8, containing 0.15 
M KCI, 0.001 M MgCl, and 0.001 M dithioth- 
reitol. Concentrations of the dialyzed enzyme 
solutions were determined spectrophotometrically 
on the basis of an absorption coefficient (A12) of 
9.1 at 280 nm [6] and a molecular weight of 
160 000 [7]. 

.Myofibrils, prepared from rabbit skeletal muscle 
by the method of Etlinger and coworkers [8], were 
equilibrated with the above imidazole-chloride 
buffer (pH 6.8, J 0.16) by repeated cycles of 
centrifugation and resuspension of the pellet in 
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buffer [4]. The protein concentrations of the 
myofibrillar suspensions were based on colorimet- 
ric assays [9,10] with bovine serum albumin as 
standard, the detailed protocol for these de- 
terminations having been described elsewhere [4]. 

Reaction mixtures (1 ml) containing aldolase 
(20 nM), fructose 1,6-bisphosphate (20-250 uM), 
hydrazine sulphate (1 mM), and, in alternate mix- 
tures, myofibrillar suspension (27.4 mg/ml pro- 
tein) in the imidazole-chloride buffer (pH 6.8, J 
0.16) were incubated at 25°C for 5 .min, after 
which ammonium sulphate (0.5 ml, 3.5 M) was 
added to prevent further product formation. 
Myofibrils were then removed by centrifugation 
for 5 min at 12000 X g, and hydrazone formation 
was monitored at 240 nm [11]. Complete enzymic 
cleavage of fructose 1,6-bisphosphate (0.1 mM) 
was used to calibrate absorbance changes in terms 
of substrate cleavage; and experiments were per- 
formed to test the validity of considering hy- 
drazone production in reaction mixtures during 
the 5-min incubation period to reflect initial veloc- 
ities, v. Best-fit values of the two Michaelis 
parameters (V KP?) describing the observed 
dependence of v upon fructose 1,6-bisphosphate 
concentration, [S], were obtained by nonlinear re- 
gression analysis of the results in terms of a rect- 
angular hyperbolic relationship [12]. 

A second series of experiments was designed to 
obtain kinetic parameters reflecting more closely 
the inhibitory effects of prevailing concentrations 
of phosphate-containing metabolites in muscle 
[13]. Creatine phosphate (15 mM) and inorganic 
phosphate (5 mM) were incorporated into the 
imidazole-chloride buffer (pH 6.8), as were glu- 
cose 1-phosphate (6 mM) and ATP (6 mM) to 
approximate metabolic concentrations of hexose 
phosphates and nucleoside phosphates, respec- 
tively. The inclusion of phosphate-containing 
metabolites in the buffer was compensated for by 
a decrease in the KCI concentration to 0.04 M in 
order to maintain the ionic strength in the vicinity 
of 0.16. Furthermore, since the relatively large 
ultraviolet absorbance of the revised buffer system 
precluded measurement of hydrazone formation at 
240 nm, the hydrazone produced during the 5-min 
assay period was converted to the 2,4-di- 
nitrophenylhydrazone [14] in order to allow a 
change in the monitoring wavelength to 540 nm. 


The inhibition of enzymic catalysis by the phos- 
phate-containing metabolites was countered by 
amending the substrate concentration range ex- 
amined (100—500 uM). 

Because of possible complications arising from 
adsorption, to myofibrils, of the additional en- 
zymes employed in coupled assays of aldolase 
activity [15,16], these assays have necessarily been 
bypassed in favour of a less sensitive method 
based on hydrazone formation [11]. Furthermore, 
the presence of myofibrillar suspension in some 
reaction mixtures had precluded the estimation of 
initial velocities by continuous spectrophotometric 
assay. Some comment is therefore required on the 
method used to determine initial velocities. 

Fig. la presents progress curves obtained for 
the aldolase-catalyzed cleavage of fructose 1,6-bi- 
sphosphate present at various concentrations in 
myofibril-free reaction mixtures. Solid lines repre- 
sent the relationships obtained by continuous 
monitoring of the absorbance change at 240 nm, 
whereas the symbols denote the corresponding 
absorbance changes inferred from subsequent 
analysis of reaction mixtures in which catalysis 
was stopped after incubation for the indicated 
periods: these absorbances have been multiplied 
by 1.5 to take into account the dilution incurred in 
stopping the enzymic reaction with ammonium 
sulphate. Measurement of absorbance changes in 
mixtures incubated for different periods seems to 
exhibit effectively linear time-dependence, but the 
continuously recorded progress curves are clearly 
curvilinear. Consequently, the absorbance change 
measured after catalysis for 5 min cannot be inter- 
preted directly in terms of an initial velocity. That 
quantity has been obtained empirically from a 
calibration plot (Fig. 1b) relating the measured 
absorbance changes to corresponding initial veloc- 
ities obtained by more sensitive, coupled assays of 
aldolase catalysis [16]. The adoption of such a 
procedure for determining initial velocities is clear 
testimony to the extreme difficulties and limita- 
tions imposed by the presence of a concentrated 
(approx. 30 mg/ml) protein suspension in quanti- 
tative assessment of catalysis by aldolase in the 
presence of myofibrils. 

The effect of the interaction between aldolase 
and myofibrillar sites on the enzymic cleavage of 
fructose 1,6-bisphosphate is presented schemati- 
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Fig. 1. Measurement of initial velocities for the aldolase-cata- 
lyzed cleavage of fructose 1,6-bisphosphate (pH 6.8, J 0.16, 
25°C). (a) Tume-dependence of substrate depletion as mea- 
sured by hydrazone formation [11] ın mixtures containing 
aldolase (20 nM), hydrazine sulphate (1 mM) and 234 uM (M), 
104 pM’ (O), 33 pM (@) and 13 aM (0) fructose 1,6-b:- 
sphosphate. (b) Relationship between the absorbance change 
resulting from catalysis for 5 min and the initial velocity as 
measured by a more sensitive coupled assay of aldolase activity 
[16]. 


cally (Lineweaver-Burk format) in Fig. 2a, the 
quantitative analysis of which is summarized in 
Table I. Several points are noted. (1) Results ob- 
tained in the absence of myofibrils! (Q) signify a 
Michaelis constant of 28-29 uM (lines 1 and 2 of 
Table I), a value in reasonable accord with that of 
31-35 aM obtained previously [19] under similar 
conditions (pH 7.4, J 0.15). (i) The results ob- 
tained in the presence of myofibrils (M) are also 
described adequately by a rectangular hyperbolic 
dependence of v upon substrate concentration, 
the impairment of the Michaelis constant and 
virtual lack of effect on maximal velocity being 
symptomatic (but not: definitive) of competitive 
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Fig. 2. Inhibitory effects of muscle myofibrils on the catalytic 
cleavage of fructose 1,6-bisphosphate by aldolase. (a) Results 
obtained in imidazole-chloride buffer (pH 68, J 0.16) (b) 
Effect of phosphate-containing metabolites (32 mM) on the 
inhibition of catalysis under comparable conditions (pH 6.8, T 
0.16). Open symbols refer to results obtarned in the absence of 
myofibrils, and closed symbols to results obtained in their 
presence (27 4 mg/ml myofibrillar protein). 


inhibition by the myofibrils. Since the interaction 
of aldolase with myofibrillar matrix sites under 
the present conditions has already been char- 
acterized by partition equilibrium studies [4], com- 
parison of that equilibrium constant with the in- 
hibition constant deduced from the kinetic studies 
should provide further comment on the competi- 
tive nature of enzyme catalysis and enzyme ad- 
sorption. (iii) On the basis of the previously re- 
ported [4] binding capacity of rabbit muscle 
myofibrils for aldolase under the present condi- 
tions [69.4 nmol/g myofibrillar protein), the total 
concentration of matrix sites, [X], in a 27.4 mg/ml 
myofibrillar suspension is 1.90 uM. Consideration 
of the kinetic results in terms of classical competi- 
tive inhibition, i.e., K 2°? = K „ (1 + kgx[X]) where 
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TABLE I 


KINETIC PARAMETERS FOR ALDOLASE CATALYSIS 
OF FRUCTOSE 1,6-BISPHOSPHATE 


Experiments were performed at 25°C in imidazole-chlonde 
buffer, pH 6.8, 7 0.16. 


Reaction mixture ° Ka (M? Va (amol/ 
min) ° 


Fructose 1,6-bisphosphate (FBP) 294+ 1° 431° 
FBP 24+ 1% 41419 
FBP /myofibnils 524 2° 4241° 
FBP/physiological phosphates 3504 12 ¢ 4041% 
FBP /physiological phosphates / 

myofibrils 6704304 3942° 





3 Components in addition to enzyme (20 nM). 

> Parameters obtained by nonlinear regression analysis of re- 
sults [12] 

© Results obtained from measurements of hydrazone forma- 
tion [11]. 

d Results obtained from measurements of dinitrophenyl- 
hydrazone formation [14] 


Key is the intrinsic association constant for the 
enzyme—matrix interaction, yields a value of 
420000 + 70000 M~! for ky. The fact that this 
value is in excellent agreement with that of 
410000 + 20000 M7! inferred from partition 
equilibrium studies of aldolase-binding under the 
same conditions [4] clearly adds weight to inter- 
pretation of Fig. 2a in terms of competitive inhibi- 
tion by myofibrillar sites. These enzyme kinetic 
studies are therefore considered to provide direct 
support for the concept [4] that the active site of 
aldolase is involved in the interaction of the en- 
zyme with the thin filament of skeletal muscle. 

By substantiating the concept of active-site in- 
volvement in the aldolase-myofibril interaction, 
the present enzyme kinetic results refute their 
earlier counterparts [5], which signified activation 
(enhanced Fa) to be an outcome of enzyme ad- 
sorption to the thin filament matrix. However, in 
agreement with present findings, those results [5] 
also indicated that the presence of thin filaments 
caused impairment of K,, for the aldolase-cata- 
lyzed cleavage of fructose 1,6-bisphosphate. In- 
deed, the degree of impairment (20-fold to 150-fold 
increase in KP) resulting from inclusion of a 
relatively low concentration (0.5 mg/ml) of syn- 
thetic thin filament seems to be much greater than 
that attributable to aldolase adsorption alone. It is 


suggested that adsorption, to the thin filaments, of 
the a-glycerophosphate dehydrogenase and/or 
triose-phosphate isomerase used in the coupled 
assay system may have been a contributing factor 
to the earlier findings [5]. 

A corollary of the above demonstration that the 
myofibrillar matrix acts as a competitive inhibitor 
of the aldolase-catalyzed cleavage of fructose 
1,6-bisphosphate is, of course, that the substrate 
for aldolase is a competitive inhibitor of enzyme 
adsorption to myofibrils. Since phosphate and, 
presumably, other phosphate-containing metabo- 
lites also act in similar vein [4], the likely extent of 
the aldolase—myofibril interaction in the physio- 
logical environment clearly requires further ex- 
amination. This problem has been addressed to 
some extent by repeating the enzyme kinetic stud- 
ies in buffer supplemented with a selection of such 
metabolites, the concentrations of which were 
based on an NMR analysis of muscle tissue [13]. 
Some ADP is presumably formed from the ATP 
(6 mM) by the ATPase activity of the myofibril 
preparation [17], but should then be reconverted 
to ATP by the myofibril-bound creatine kinase 
[18]. Calculations based on those findings [18] 
predict the consequent, conversion of 1 mM crea- 
tine phosphate to creatine and phosphate during 
the 5-min incubation period used for assays of 
aldolase activity. Any such variations in metabo- 
lite concentrations do not affect present consider- 
ation of the supplemented buffer as an approxi- 
mate ‘physiological phosphate’ mixture. 

Results of this second enzyme kinetic investiga- 
tion are summarized in Fig. 2b and the final two 
lines of Table I. The metabolite-containing buffer 
clearly exerts a marked inhibitory effect on en- 
zymic catalysis by aldolase, there being a 12-fold 
increase in the apparent Michaelis constant. Con- 
sideration of this K?PP in terms of competitive 
inhibition by the 32 mM ‘physiological phosphate’ 
solution, i.e., K2P?=Ky,(1+kpp(P), leads to a 
calculated magnitude of 350 M~t! for kgp, the 
weighted association equilibrium constant describ- 
ing the competitive inhibition of aldolase by a 
concentration [P] of ‘physiological phosphate’ 
mixture. Inclusion of myofibrillar suspension (with 
[X]=1.90 uM as before) in reaction mixtures 
again leads to competitive inhibition, since, as 
required, the kpg of 480000 + 100000 M~! so 


obtained compares favourably with the values de- 
duced from Fig. 2a and from the earlier partition 
equilibrium study of the aldolase—myofibril inter- 
action [4]. 

The combined competitively inhibitory effects 
of physiological concentrations of substrate and 
other phosphate-containing metabolites on the 
distribution of aldolase between adsorbed and 
soluble states may be described quantitatively by 
the expression [4,19] 


7 (1- (E/E) 
hee — = ee ar S = DEF (la) 
(E/E) [X] -4E (1 - ENE Ay 


kex = kpx/(1+ kgs[5]+ kep [P]) (1b) 


in which [F] refers to the total enzyme concentra- 
tion (soluble and adsorbed forms), and [E] to the 
total concentration of enzyme in the liquid phase: 
Kpy is a composite equilibrium constant that takes 
into account the inhibitory effects of competing 
ligands (substrate and phosphates) on the parti- 
tion of enzyme. For the application of Egn. 1 to 
the distribution of aldolase in the physiological 
environment, [S], the muscle tissue concentration 
of fructose 1,6-bisphosphate, may be taken as 
approximately 0.1 mM [20]; and, provided that 
enzymic catalysis is considered to be the rate- 
limiting step, kg. (=1/K,,) as 34000 M~* (Ta- 
ble I). Their combination in Eqn. 1b with a value 
of 410000 M`? for key [4] and the values of kp 
and [P] discussed above leads to an estimate of 
26000 M~! for key, the effective association con- 
stant describing the partition of aldolase under 
such conditions. Combination of this ky with the 
values of 14 uM and 40 uM for the respective 
concentrations of myofibrillar sites and aldolase 
in muscle [4] yields an estimate of 0.75 for the 
ratio [E]/[E] in Eqn. la. The earlier prediction [4] 
that 26% of the aldolase should be adsorbed to 
resting muscle filaments is thus essentially unal- 
tered by this more rigorous consideration of the 
effects of competitive inhibition by phosphate- 
containing metabolites (including substrate) on the 
aldolase-myofibnil interaction. This value could 
be enhanced slightly by thermodynamic nonideal- 
ity arising from the space-filling effects of other 
proteins present in the physiological environment 
[21]. For example, on the basis that the apparent 


125 


thermodynamic binding constant is likely to be an 
order of magnitude greater than kp, [22], the 
calculated proportion of bound aldolase would 
increase to 30%. 

By taking into greater account the inhibitory 
effects of substrate and other phosphate-contain- 
ing metabolites on the interaction of aldolase with 
muscle myofibrils, the present investigation sub- 
stantiates further the concept that under physio- 
logical conditions aldolase should not be regarded 
as a purely cytoplasmic enzyme, but rather as an 
equilibrium mixture of free and myofibril-bound 
forms, the relative proportions of which are a 
function of the metabolic state of the cell [4]. 
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Biochimica et Biophysica Acta: 40 years on 





Professo- H.G.K. Westenbrink 


Biochimica et Biophysica Acta, the first truly 
international journal in the field of biochemistry 
and biophysics, and now undoubtedly one of the 
largest, is celebratirg its 40th anniversary with this 
issue. 

The journal was founded in 1947 by Professor 
H.G.K. Westenbrink, who remained Managing 
Editor of the journée! until 1964. He was succeeded 
by Professor E.C. Slater, who was able to fulfil 
this function until is recent retirement as Chair- 
man of the Board cf Managing Editors. Professor 


The photograph of E.C. Slater is reproduced by permission of 
Godfrey Argent, U.K.. p hotegraphers 


Professor E.C. Slater 


Slater was encouraged to write a history of BBA, 
recalling its remarkably rapid growth and some of 
the intricacies involved in the journal’s birth and 
early development [1]. 

On the auspicious occasion of the journal’s 
40th birthday, the Publisher would like to take the 
opportunity of thanking all those who have played 
an active role in the journal’s development, and 
looks forward to further stimulating developments 
over subsequent decades. 


[1] Biochimica et Biophy sica Acta: The Story of a Biochemical 
Journal by E.C. Slater (1986) Elsevier Science Publishers, 
ISBN 0-444-80769-1: Prce Df1.75.00 
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Fourier transform infrared and differential scanning calorimetric studies 
of a surface-active material from rabbit lung 


Alan J. Mautone **, Kim E. Reilly > and Richard Mendelsohn °* 


° Pulmonary Division Research Center, Schneider Children’s Hospital, Long Island Jewish Medical Center, 
270-05 76th Avenue, New Hyde Park, New York, NY 11042, and 
b Department of Chemistry, Newark College of Arts and Sciences, 
Rutgers University, 73 Warren Street, Newark, NJ 07102 {U S.A ) 


(Received 1 July 1986) 


Key words: Pulmonary surfactant, Fourier transform, Infrared spectroscopy; Phase transition; 
Surface-active material; Differential scanning calorimetry; (Rabbit lung) 


A surface-active material with a chemical composition consistent with lung surfactant and with the ability to 
lower surface tension on a Wilhelmy balance to about 6 mN /m, has been isolated from rabbit pulmonary 
lavage. The thermotropic properties have been characterized with the techniques of Fourier transform 
infrared spectroscopy (FT-IR) and Differential Scanning Calorimetry (DSC). FT-IR melting curves were 
constructed from the temperature-dependence of the lipid CH, symmetric stretching vibrational frequencies 
near 2850 cm '. A broad gel-liquid ‘crystal phase transition with an onset temperature of about 22°C, and a 
completion temperature of about 38°C was observed, with slight sample-to-sample variations in tempera- 
tures. A similar completion temperature was noted in DSC endotherms. Ca**+ (5-10 mM) increased the 
onset temperature of the lipid-melting event, and induced an ordering of surfactant and of its lipid extract at 
all temperatures studied. The effect on the lipids was suggestive of a Ca**-induced phase separation caused 
by ion binding to phosphatidylglycerol and other acidic components. Evidence for a direct interaction 
between Ca?* and the phosphate groups was suggested through small Ca’+-induced shifts in the 1090 cm~! 
symmetric PO, stretching frequency. Removal of most of the protein component from a 10:1 (lipid / protein, 
w /w) sample caused an ordering of' the resultant lipid fractions. In contrast, removal of most of the protein 
component from a 20:1 sample resulted in no change in lipid order or thermotropic behavior. These 
observations are discussed in light of the roles played both by Ca?* and protein in the spreading of 
surfactant. The power of FT-IR to acquire useful structural information from complex biological tissues is 
demonstrated. ) 


ETET Introduction 
* To whom reprint requests should be addressed. 


Abbreviations: FT-IR, Fourier-transform infrared spec- 
troscopy; DSC, differential scanning calonmetry; DPPC, 1,2- 
dipalmitoylphosphatidylcholine; POPG, 1-palmitoyl,2- 


Pulmonary surfactant functions by reducing the 
surface tension at the air-liquid interface in the 


oleoylphosphatidylglycerol; DMPC, 1,2-dimyristoylphophati- 
dylcholne; PC, phosphatidylcholine; PG, phosphatidyl- 
glycerol 


Correspondence: Dr. R. Mendelsohn, Department of Chem- 
istry, Newark College of Arts and Sciences, Rutgers Univer- 
sity, 73 Warren Street, Newark, NJ 07102, U.S.A. 


alveoli of mammalian lung. The physiological re- 
quirements for an effective surfactant have been 
discussed [1,2]. These include the ability of a 
compressed monolayer to produce a surface ten- 
sion of less than 9 dyn/cm, to sustain a low 
surface tension for sufficient time to avoid al- 
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veolar collapse and to spread rapidly from the 
subphase. Chemical analysis of surfactant reveals 
the presence of lipids, primarily phospholipids, 
and protein. The predominant lipid of mammalian 
lung surfactant is dipalmitoylphosphatidylcholine 
(DPPC). In bilayer systems, DPPC undergoes its 
gel-liquid crystal transition at 41°C. Therefore, 
under high compression at 37°C, the rigidity of 
the molecule enables it to sustain high surface 
pressures. However, the very rigidity of the acyl 
chains (necessary for the first two requirements 
above), constitutes a detriment to the third re- 
quirement, namely, the ability of surfactant to 
spread rapidly. It has been suggested [3] that a 
delicate balance of fluid lipids (such as un- 
saturated phospholipids) and rigid lipids is to be 
expected, and indeed, appears to occur [4]. In 
addition, it has recently been shown [5] that 
specific Ca**-protein-lipid interactions are im- 
portant for determining surfactant structure and 
function. Notter, et al. [6], showed that whole lung 
surfactant will form a surface film when Ca?t 
(but not Mg?*) is present in the subphase, while 
Hawgood, et al. [5] suggest that the threshold 
concentration for Ca?*t-induced aggregation of 
unilamellar liposomes was reduced from 13 to 0.5 
mM by a protein fraction isolated from surfactant. 
It has been previously suggested [7,8] that both 
Ca?* and specific proteins modify the state of 
dispersion of surfactant lipids. As a Ca** con- 
centration of 1.6 mM has been recently measured 
for adult rabbit lungs [9], the protein-induced 
reduction of the Ca** threshold could have func- 
tional consequences. Physical studies of the inter- 
action between the components in this complex 
system are therefore indicated. 

The physical techniques used to date for the 
study of lung surfactant have centered around 
surface balance determination of monolayer film 
properties (for a review see Notter [10]) and the 
use of (most frequently) turbidimetric [5,11] or 
DSC determination [12] of surfactant phase prop- 
erties. Yet these methods do not provide informa- 
tion about the molecular configuration or confor- 
mation of surfactant components. A recent excep- 
tion to this [13] involved electron paramagnetic 
spectroscopic studies of lipid fluidity in surfac- 
tant. While this method has provided much useful 
data on lipid structure in general [14], the require- 


ment of the technique for a probe molecule such 
as 5-doxylmethylstearate in the aforementioned 
study, leads to the possibility of probe-induced 
alterations in lipid order [15], and partitioning of 
the probe into particular regions of the lipidic 
system. Thus, the application of additional physi- 
cal methods to the problem of interacting compo- 
nents in lung surfactant is in order. 

The techniques of FT-IR spectroscopy offer 
several advantages for the study of surfactant, as 
follows: 

(1) Both lipid configuration and protein secondary 
structure are monitored in a single experiment. 
(2) No probe molecules are required. 

(3) Small amounts of material (1-500 ug) may be 
studied in a variety of physical states, including 
monolayers both on IR substrates such as 
germanium (via the techniques of attenuated total 
reflectance) and on an aqueous surface [16,17]. 

The current study reports the first FT-IR inves- 
tigations of rabbit lung surfactant. The study 
focuses on the thermotropic properties of surfac- 
tant and their modification by Ca?* and surfac- 
tant protein. Complementary DSC investigations 
are also presented. 


Materials and Methods 


Isolation and purification of surfactant 

New Zealand white rabbits were anesthetized 
with sodium pentobarbital (30 mg/kg of body 
weight, intravenously) and exsanguinated by 
severing the abdominal aorta. The chest was 
opened and the lungs lavaged through a tracheal 
cannula with a volume of cold saline equal to the 
functional residual capacity, i.e., 30 ml/kg of body 
weight. The saline was gently infused and 
withdrawn five times. This procedure was re- 
peated five times, the total volume of saline in the 
lungs never exceeding the functional residual 
capacity. 

Surfactant was isolated by the method of 
Suzuki, et al. [18]. Briefly, lavage fluid was centri- 
fuged at 100 x g for 10 min to remove cells and 
debris. The supernatant was centrifuged at 16000 
xg for 1 h at 0°C. The precipitate was resus- 
pended in 0.145 M NaCl containing 0.01 M Tris- 
HC] and 1 mM EDTA (buffered NaCl), layered 
over a discontinuous gradient of 0.25 M:and 0.68 


M sucrose and centrifuged at 78000 x g for 1 hat 
0°C. The material at the interface was collected 
by aspiration and washed three times with buffered 
NaCl. The pellet was resuspended in buffered 
NaCl and stored at — 20°C. 


Chemical characterization 

Total phosphorus was determined by the 
method of Chen et al. [19]. Protein was de- 
termined by the method of Lowry [20]. Lipid and 
protein components were separated using Bligh- 
Dyer or Folch [21] extraction protocols. The lipid 
classes were determined by analytical thin-layer 
chromatography using a CHC1,/MeOH/NH,OH 
(65 : 25:5) solvent system. The phospholipid spots 
were scraped, and total phosphorus for each spot 
was determined as per Chen et al. [19]. Acyl chain 
lengths of the lipid component were assayed by 
gas chromatography on a Hewlett Packard 5890A 
gas liquid chromatograph following formation of 
the methyl esters. Protein molecular weights were 
evaluated by 10% SDS-polyacrylamide gel elec- 
trophoresis. 


Dynamic surface tension 

A 1 ml aliquot of surfactant with a lipid /pro- 
tein ratio of 10:1 (w/w) and containing 1.8 mg 
total lipid /ml was gently spread on the surface of 
buffered Ringer’s solution (pH 7.4) in a vertical 
film surface balance [22] at 37°C, 100% humidity, 
and the subphase was gently stirred. The mini- 
mum surface area was 30.2 cm’ and maximal 
surface area was 161.4 cm’. The rate of cycling 
between the minimum and maximum surface areas 
was 5.25 min/cycle. Surface tension was measured 
via a Cahn electrobalance (Cahn Instrument Co., 
Paramont, CA, U.S.A.). Cycling was continued 
until the maximum and minimum surface areas 
were stable. 


FT-IR spectroscopy 

Samples were prepared for FT-IR examination 
as follows: 
(1) Surfactant without calcium-surfactant in NaCl 
buffer was centrifuged at 100000 x g for 1 h at 
0°C. 
(2) Surfactant with calcium-surfactant was centri- 
fuged at 10000 x g for 1.h at 0°C. The pellet was 
resuspended in 0.145 M NaCl containing 0.01 M 
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Tris-HCl and 5 mM or 10 mM CaCl, (calcium 
buffer) and recentrifuged at 100000 x g for 1 h at 
0°C. 

(3) Lipid extract without calcium-lipid component 
was extracted as above and the organic solvent 
evaporated. The lipids were resuspended in 
buffered NaCl and centrifuged as for surfactant 
(4) Lipid extract with calcium-prepared in the 
same manner as the sample without calcium ex- 
cept that the lipids were resuspended in calcium 
buffer and then centrifuged. 

The samples were examined in a -Harrick cell 
(pathlength 25 pM) equipped with CaF, windows. 
Spectra were recorded on a Mattson Instruments 
Sirius 100 spectrometer equipped with a mercury- 
cadmium-telluride detector. Routinely, 200 inter- 
ferograms were collected, co-added, apodized with 
a triangular function and Fourier transformed to 
give a resolution of 4 cm7! with data encoded 
every 2 cm~*. Temperature was controlled with a 
Haake circulating bath and monitored with a Bai- 
ley BAT-12 digital thermometer, with a thermo- 
couple sensor placed close to the IR windows in 
the cell. Frequencies were measured by fitting a 
parabola to the top three data points followed by 
finding the maximum in the parabola. The spec- 
trum of water (matched for temperature and path 
length) was subtracted from all data sets. Residual 
sloping baselines were removed with a linear 
baseline leveling routine supplied with the instru- 
ment software. 


Differential scanning calorimetry 

Calorimetry experiments were performed in a 
Micro-cal MC1 unit. Sample volumes were 0.70 
ml. Samples were heated at about 24°C /h follow- 
ing 1-2 h of equilibration in the instrument. 


Results 


Biochemical characterization of surfactant 

The phospholipid composition (only compo- 
nents present in >1% quantities are listed) of 
surfactant as determined by quantitative TLC is 
summarized in Table J. The results are in general 
accord with those of Hook et al. [13], whose value 
for phosphatidylglycerol (9.4%) was somewhat 
lower. The fatty acid composition of the phos- 
pholipids is also given in Table I. Palmitic acid 


TABLE I 
PHOSPHOLIPID COMPOSITION OF SURFACTANT 


Phospholipid Class % of P recovered 
PC 78.5 
PG 15.1 
PE 3.7 
LysoPC 2.1 
FATTY ACID COMPOSITION OF TOTAL LIPID EXTRACT 
Chain length: C = C bonds (%) 
14:0 30 
16:0 649 
16:1 46 
18:0 3.8 
18:1 15.5 
18:2 6.2 
Unidentified 2.0 


was the major fatty acid, accounting for 64.9% of 
the total fatty acid present. Substantial amounts 
of oleic and linoleic acid were also noted. These 
results are in excellent accord with those of Mag- 
oon et al. [23], who observed that palmitic and 
oleic acids constituted the main fatty acid con- 
stituents in both the PC and PG fractions of 
rabbit lamellar bodies. 

Five major protein fractions were observed with 
SDS-polyacrylamide gel electrophoresis. The 
molecular weights (kDa) were 15, 24, 32, 45 and 
66. Wright, et al. [24] observed and characterized 
two fractions of protein with apparent molecular 
mass 30-36 kDa and 10-15 kDa. In addition, 
they observed prominent bands (possibly serum 
derived) with approximate molecular masses of 25, 
50, 65—67 and 75 kD, in excellent accord with the 
current preparation. 

Some sample-to-sample variation in the 
lipid /protein ratio has been noted. Values ranged 
from 10:1 to 5:1 with occasional samples falling 
outside these levels. Our variation was similar to 
that noted by Keough et al. [12], who noted varia- 
tion in the lipid/protein ratio from 10.8:1 to 
6.6: 1 depending on the number of centrifugation 
steps used in the isolation protocol. 


Dynamic surface tension studies 

Slow cycling of surface area resulted in a stable 
maximum surface tension of 50 mN/m and 
minimum surface tension of 6 mN/m. This fits 


TABLE II 


ASSIGNMENTS OF FT-IR FREQUENCIES IN THE 
1000-1800 em~! REGION OF SURFACTANT 


Symbols: s, m, w, sh, v stand for strong, medium, weak, 
shoulder and very, respectively. 


i 


Frequency in cm” Assignment 

1018 sh 

1065 s ester C-O sym. stretch 

1088 phosphate sym. stretch 

1114 sh 

1148 sh 

1175 w ester C-O asym stretch 

1200 

1225 

1242 CH, wagging progression 

1263 superumposed on the 
phosphate 

1287 antisymmetric stretch at 1225 cm~} 

1342 w CH, wagging 

1379 w CH, symmetric bend 

1403 vs choline CH, sym bend 

1420 w alpha CH, scissoring 

1437 sh 

1458 sh CH, asym bend 

1468 s CH, scissoring 

1487 sh choline asym bend 

1543 

1550 protein amide IT 

1557 

1638 sh protein amide I+H.,O 

1651s 

1738 s C = O stretch 


the criterion for surface tension lowering ability of 
surfactant as discussed in the Introduction. 


FT-IR and DSC studies 

Typical FT-IR spectra from the 1000-1800 and 
2700-3100 cm! spectral regions are shown in 
Fig. 1. The observed intense spectral features arise 
from the phospholipid components of surfactant 
with two exceptions — the contour near 1650 cm™! 
is due to overlapped solvent bending and protein 
Amide I (peptide C = O stretch) modes, and the 
features between 1540 and 1560 cm™~? arise from 
protein Amide II (mixed N-H in-plane bend and 
C-N stretch) modes. Spectral assignments are given 
in Table II. 

Lipid thermotropic behavior is conveniently 
monitored [26] through temperature-induced alter- 
ations in the frequency of the CH, symmetric 
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Fig. 1 Typical FT-IR spectra for surfactant (A) The 1000-1800 cm™?} spectral region of a sample of surfactant with 5 mM Ca?* 
The experiment was performed at 5.7°C. The majority of the spectral features arise from the lipids; exceptions to this are the weak 
protein features between 1500-1580 cm~}, and some of the intensity underlying the 1650 cm~* band. (B) The 2800-3000 cm7! 
spectral region of a sample of surfactant with 5 mM Ca** The experiment was performed at 57°C. The spectral features arise 
primary from the lipidic components. The band near 2850 cm? had little underlying contribution from protein and, therefore, was 
the band of choice for monitoring the thermotrophic behavior of phospholipids. 


stretching bands of the lipid acyl chains near 2850 
cm™t, This spectral feature is one of the strongest 
in the spectrum and suffers no interference from 
overlapping protem bands. Although frequency 
increases are small (1-3 cm~‘) during gel-liquid 
crystal phase transitions, they may be monitored 
with a precision of 0.01—0.05 cm? through use of 
the center of gravity algorithm for band positions 
developed by Cameron et al. [27]. The origin of 
the frequency increase on melting has been traced 
by Snyder et al. [28] to changes in the interaction 
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Fig. 2 Thermotropic behavior for surfactant (O) and surfac- 

tant+10 mM Ca** (+) with lipid/protein ratios (w/w) of 

7:1 The parameter monitored is the frequency of the CH, 


syenmetne stretching modes of the lipid acyl chains near 2850 
cm 


constants between C-H stretching coordinates on 
adjacent methylene groups when the lipid physical 
state is altered through, for example, the forma- 
tion of gauche rotamers in the acyl chains. Al- 
though the procedures of Snyder et al. [28] permit 
no rigorous correlation between the frequency and 
the number of gauche rotamers in the chain, pro- 
cedures have been developed [29] for conversion 
of FT-IR melting curves into quantitative indica- 
tors of fractions of lipid melted. 

The temperature dependence of the 2850 cm? 
band for a surfactant preparation (lipid /protein 
ratio 7:1) is shown in Fig. 2. Although some 
scatter in the data points is evident at low temper- 
atures, a broad phase transition with an onset 
temperature of 22—23°C and a completion tem- 
perature of about 36-39°C is clearly discernable. 
As the monitored IR frequency arises from the 
lipid component of the preparation, the observed 
transition evidently arises from a gel-liquid crystal 
transition of the surfactant phospholipids, which 
are probably in multibilayer form in the current 
preparation. Thus, at physiological temperatures, 
the lipids are almost entirely in the liquid crystal- 
line state. The magnitude of the change in the 
spectral parameter used is similar to, although 
slightly smaller than, that usually observed in 
single component phospholipid systems (e.g. Ref. 
30). Slight variations in the onset and completion 


temperatures were noted from sample to sample. 
Further evidence for the temperature-induced dis- 
ordering of the acyl chains comes from examina- 
tion of the 1200—1300 cm™~? spectral region (Table 
If). At low temperatures, the observed series of 
bands at 1200, 1225, 1242, 1262 and 1284 cm™! 
arises from a progression in the CH, wagging 
mode. The series arises essentially from coupling 
between similar vibrations along a sequence of 
unit cells and only occurs if the acyl chain config- 
uration is all-trans. Thus at 5°C (data of Table II), 
a substantial all-trans character exists in the chains. 
As the temperature is raised (data not shown) the 
shoulders of the series progressively diminish in 
intensity so that at 48°C, only a single broad peak 
at 1225 cm~* due to the antisymmetric PO, dou- 
ble bond stretching mode remains. The elimina- 
tion of the band progression arises due to disrup- 
tion of the coupling between adjacent unit cells 
upon gauche rotamer formation. 

The effect of Ca?* on the 7:1 surfactant sam- 
ple is also shown in Fig. 2. Addition of 10 mM 
Ca’* produces a 5-7 Cdeg increase in the onset 
temperature with no large alteration of the com- 
pletion temperature. The midpoint of the transi- 
tion is also shifted to higher temperatures. In 
addition, the CH, frequency is lowered from the 
Ca**-free surfactant at all temperatures, indicat- 
ing a Ca**-induced ordering of the acyl chains. 

The results from DSC experiments are shown 
in Fig. 3. Surfactant (lipid/protein ratio 6:1) 
shows a broad endotherm with an onset tempera- 
ture of about 20°C, a completion temperature of 
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Fig. 3  Dufferential scanning calorimetry endotherms for 
surfactant (SAM) and surfactant +10 mM Ca?* The 
hp:d/protein (w/w) ratio was 6:1 The dashed lines are esti- 
mated baselines. Note that for the calctum-containing sample 
the onset temperature was difficult to estimate due to the 
continuous curvature of the trace. 
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Fig. 4 FT-IR evidence for the interaction of calcium with the 
phosphate group. (A) The spectral region of 1000-1200 cm~! 





for POPG ( ) and for POPG+ 10 mM Ca?* (.----- . 
(B) The spectral region of 1000-1200 cm~? for surfactant 
( ) and for surfactant+10 mM Ca?* (------ ). 





38.5°C and a maximum at about 31°C. The onset 
and completion temperatures are in reasonable 
accord with those determined from FT-IR data. 
We note that our DSC results differ slightly from 
those recently reported by Keough et al. [12], who 
observed higher completion temperatures al- 
though the temperature of the maximum was about 
the same. Part of the discrepancy may arise from 
difficulties in establishing accurate baselines for 
samples which have broad, weak endotherms. 
Ca?*-induced effects, similar to those seen in the 
FT-IR melting profiles, were observed in the DSC 
experiments (Fig. 3). A comparison of the endo- 
therms generated in the absence and presence of 


Ca** (10 mM) shows a 1-2 Cdeg increase in the 
position of maximum excess enthalpy as well as a 
1 Cdeg increase in the completion temperature 
induced by the ion. The occurrence of changes in 
the onset temperatures were difficult to determine 
(Fig. 3) due to continually changing baselines in 
the low temperature (single phase?) regions of 
surfactant in the presence of Ca**. 

Direct FT-IR evidence for the interaction of 
Ca?* with lipid head-groups was sought from an 
experiment whose results are depicted in Fig. 4. 
The vibrational mode known to respond most 
strongly to Ca** /phosphate interaction [31] is the 
symmetric POY double bond stretching mode near 
1090 cm~ +. The control system (Fig. 4a) shows the 
effect of addition of 10 mM Ca’?* to POPG. 
Substantial alterations in the pattern of frequen- 
cies and intensities in the 1000-1150 cm™! region 
are noted. Much smaller changes are observed 
when Ca?t is added to surfactant (Fig. 4b). A 
frequency increase of about 4 cm~! is seen in the 
1090 cm~! band and a frequency increase of 2 
cm~! is seen in the 1067 cm7! band along with an 
intensity increase in the shoulder near 1115 cm™}. 
Direct interaction of the ion with (at least) some 
of the phospholipid head-groups is therefore sug- 
gested. 

The effect of calcium on the lipidic components 
alone is shown in Fig. 5. Lipids were extracted 
either with a Folch wash or with Bligh-Dyer 
extraction protocols. Rehydration of the dried 
lipids was accomplished either in an EDTA-con- 
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Fig. 5 The thermotropic behavior of a lipid extract from the 
surface-active material in the absence (O) and presence (+) of 


10 mM Ca?*. The parameter monitored is the same as that in 
Fig. 1. 
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Fig. 6 Differential scanning calorimetry traces for’ 
(A) a 9:1 DPPC/POPG mixture in the presence of 10 mM 
Ca*t 
(B) a 9:1 DPPC/POPG mixture in the absence of Cat 
(C) a 4:1 DPPC/POPG mixture in the presence of 10 mM 
Ca? t 
(D) a 4:1 DPPC/POPG mixture in the absence of Ca** 


taining buffer or in a buffer containing Ca?*, 
FT-IR melting curves (Fig. 5) reveal a slight 
Ca’*-induced ordering as measured from the CH, 
symmetric stretching frequency and upward shifts 
of the onset and completion temperatures of the 
lipid phase transition. An attempt was made to 
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Fig 7. Differential scanning calommetry traces for DPPC in 
the presence and absence of 10 mM Ca?*. The slight Ca**-1n- 
duced increases in melting temperatures of both the pre-transi- 
tion and main transition are evident 
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Fig. 8. The effect of protein on the thermotropic behavior of 
surfactant (A) A sample with a lipid/protein ratio of 20:1. 
The curves for the surfactant (O) and for the lipid extract (x) 
are virtually superimposed (B) A sample with a lipid /protein 
ratio of 10:1. The curve for the lipid extract (x) shows in- 
creased order, onset temperature and midpoint temperature 
from that of surfactant (©). The parameter monitored 1s the 
same as that in Fig. 1. 


model this effect using DSC with phospholipid 
samples containing DPPC and POPG at molar 
ratios of 9:1 and 4:1, respectively. The results are 
shown in Figs. 6 and 7. In the absence of Ca?+, 
the DSC traces for the 9:1 and 4:1 samples show 
(Fig. 6b and d) a broadening and shift to lower 
temperatures compared with pure DPPC (Fig. 7). 
Addition of Ca** to pure DPPC results in minor 
changes in the endotherms. As shown in Fig. 7, 
the main transition and pre-transition are shifted 
up in temperature by 0.6 Cdeg and about 1.6 
Cdeg, respectively. In contrast, addition of 10 mM 
Ca?* to the 9:1 sample results in major changes 
and leads to a trace (Fig. 6a) in which the pretran- 
sition is restored and the main endotherm is 


markedly reduced in width and increased in tem- 
perature. An upward shift is onset and completion 
temperatures are also noted for the 4:1 sample 
upon the addition of Ca** (Fig. 6c). 

The final experiments involve the effect of pro- 
tein on lipid melting. Extraction of the lipid com- 
ponent was followed by rehydration and FT-IR 
examination of samples found to have two differ- 
ent lipid/protein ratios, 20:1 and 10:1 (w/w), 
respectively. The FT-IR thermotropic data for the 
20:1 sample and for its lipid extract are shown in 
Fig. 8a. The melting curve for the lipid fraction is 
virtually superimposed on that for intact surfac- 
tant. However, for the sample containing higher 
levels of protein (10:1 w/w), the removal of 
protein reveals (Fig. 8b) a general ordering of the 
lipid component. This is revealed by an increase in 
the CH, symmetric stretching frequency at all 
temperatures as well as a 3-5 Cdeg increase in the 
onset and mid-point temperatures of the phase 
transition. The completion temperature is less al- 
tered. 


Discussion 


The qualitative nature of the interactions be- 
tween Ca*t, surfactant lipids and the 35 kDa 
protein fraction of surfactant has been addressed 
by King and coworkers [8,11,32]. The efficiency of 
formation of complexes reconstituted from puri- 
fied apoprotein and phospholipid mixtures was 
enhanced both by PG and Ca?* [11]. Reconstitu- 
tion studies of the protein with DMPC using DSC 
suggest that 9 mol of DMPC are immobilized 
upon complexation [32]. Whether similar effects 
occur in native surfactant is unclear. This and 
several additional issues would appear to require 
further reconstitution experiments and molecular 
spectroscopic techniques for their resolution. These 
include the effects of Ca?* on the secondary 
structure of the various protein fractions and 
lipid-induced alterations therein, and the structure 
of tubular myelin. 

The ability of FT-IR spectroscopy to determine 
the molecular nature of the interaction between 
surfactant components and hence resolve some of 
the issues alluded to above is evident from the 
current preliminary studies. The sites of Ca?* 
action and its effect on surfactant lipid thermo- 


tropic properties are revealed in Figs. 2, 3 and 4. 
The interaction between the ion and the lipid 
head-group is revealed by alterations in the PO, 
symmetric stretching region. While the spectral 
perturbations (Fig. 4) are weaker than those pro- 
duced by Ca** on phosphatidylserine [31] or on 
POPG, (Fig. 4) they nevertheless are indicative of 
the site of action. A possible explanation for the 
relatively small magnitude of the ion-induced shifts 
is that mainly the PG is directly affected by Ca?*. 
The IR spectrum, however is dominated by the 
(less-affected) PC component, hence, is not 
strongly perturbed. The effect of Ca** on acidic 
lipid phase behavior is to rigidify the lipids and 
either to increase the midpoint temperature of the 
thermotropic transition [33] or, as noted in our 
recent FT-IR studies of Ca?*-phosphatidylserine 
interaction [31], to abolish the cooperative melting 
event completely. Our current FT-IR and DSC 
observations of an increased ordering and melting 
temperatures suggest a calcium-induced sequester- 
ing (phase separation) of the acidic components. If 
this is indeed the case, the remainder of the 
surfactant would be enriched in DPPC compared 
with the Ca?*-free preparation and would melt at 
higher temperatures. Data for the model systems 
formed from DPPC/POPG are consistent with 
this interpretation. The restoration of a pre-transi- 
tion upon Ca** addition to the 9:1 DPPC/POPG 
mixture provides (Fig, 6) particularly good evi- 
dence for phase separation as the pre-transition is 
abolished by small amounts of a second compo- 
nent in an otherwise pure phase. In addition, this 
description would help explain the speculation 
[34] that during compression of a surface film of 
surfactant, non-DPPC components are selectively 
eliminated from the monolayer. Our data suggest 
that Ca** plays a key role in this process. 

The two proteins expected to interact hydro- 
phobically with phospholipids are the 32 and 14 
kDa species [24], while the other species observed 
by SDS-polyacrylamide gel electrophoresis in the 
current work have been tentatively suggested (in 
studies of other species) as arising from serum 
[24]. The effect of protein on the thermotropic 
behavior of the lipid fraction is minimal at a 
lipid/protein ratio of 20:1 (Fig. 7). At higher 
protein levels, the observed protein-induced dis- 
ordering of the lipid fraction is very similar to that 
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observed by FT-IR in studies of Ca-ATPase re- 
constituted with a variety of lipid classes [30]. We 
note that the current FT-IR spectral parameter, 
which measures gauche rotamer formation in the 
acyl chains, reflects in part the bending of the 
hydrocarbon chains to accommodate the protein 
surface, in addition to the rates of acyl chain 
motion. Thus, the effect of protein on lipid 
order/mobility as revealed by FT-IR differs sub- 
stantially compared- with other techniques that 
monitor events that occur on slower time scales. 

What can be concluded from the current work 
about the roles of Ca?* and protein in surfactant 
function? The observation that PG liposomes 
rapidly aggregate and fuse in the presence of 10 
mM Ca** [35], coupled with the indication from 
the current experiments of direct interaction of 
Ca?* with PG head-group phosphates, is sugges- 
tive of a mechanism for calcium-induced aggrega- 
tion of surfactant liposomes [5]. In addition, the 
observation of protein-induced disordering of 
surfactant lipids at relatively high protein levels 
suggests a means for control of lipid order. Not all 
of the molecular details of the interactions are 
accessible from the current experiments. It is pos- 
sible that one or more of the several proteins 
present interacts strongly with a small subclass of 
lipid molecules or, alternatively, that more non- 
specific events occur. These possibilities can only 
be distinguished with reconstitution experiments. 
Further, it is reasonable to assume that ternary 
interactions between the lipids, Ca?*+ and protein 
take place. In any event, there appear to be a 
number of possibilities by which the order of the 
lipids (hence their ease of spreading and rigidity) 
may be controlled. Further details may become 
available when interactions between purified pro- 
teins and lipid components are analyzed. FT-IR 
spectroscopy promises to be useful in studies of 
Ca** or lipid-induced alterations in protein sec- 
ondary structure. 
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We have studied the effect of chlorophyll a (chl a) on the X-ray diffraction patterns and the appearance of 
freeze-fracture electron micrographs of aqueous dispersions of monogalactosyldiacylglycerols (MGDG), the 
most abundant lipid in the thylakoid membrane. In MGDG systems containing 0-18 mol% of chl a, the 
diffraction patterns-indicate the presence of a well-ordered reverse hexagonal phase. When 30 mol% of chl a 
was incorporated into the MGDG, the low-angle X-ray diffraction lines of the hexagonal lattice were slightly 
broadened and were accompanied by additional weak lines. With higher mol percents of chl a, the low-angle 
lines could no longer be indexed on a hexagonal or lamellar lattice. The freeze-fracture electron micrographs 
of similar samples showed that the patterns characteristic of the reverse hexagonal phase of an aqueous 
dispersion of pure MGDG were replaced by large liposomes, the fracture pattern of which is circular. We 
conclude that chl a in excess of 20 mol% destabilized the orderly reverse hexagonal phase of aqueous 
MGDG dispersions and disturbed the long-range order of the lipid array. These results are summarized in a 
temperature-composition isobaric phase diagram over a temperature range of — 60°C to 60°C. 


Introduction [1]. The monogalactosyldiacylglycerols (MGDG) 
and digalactosyldiacylglycerols (DGDG) represent 
the main constituents of the lipid matrix in the 


thylakoid membranes, being nearly 40% and 20% 


Photosynthesis occurs at specialized chloroplast 
membranes which consist of approximately 50% 


protein, 40% lipid and 10% chlorophyll by weight 
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of the lipid mass, respectively [2]. It is both 
tempting and logical to correlate this unique 
chemical composition with its unique biochemical 
functions. 

X-ray diffraction and freeze-fracture electron 
microscopy studies by Shipley et al. [3] have shown 
that MGDG from Pelargonium leaves do not 
form bilayers in an aqueous dispersion but exist in 
a reverse hexagonal lipid-water phase (H-II) with 
the polar groups facing inwards towards the aque- 
ous phase. Esterification with a second galactose 
unit to form DGDG completely alters the phase 
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morphology, and a lamellar bilayer phase is 
formed. In the presence of excess water, DGDG 
forms dispersions of liposomes [4]. More recently, 
Williams and co-workers [5-8] have carried out 
rather extensive freeze-fracture studies on MGDG 
and DGDG/water systems from broad bean 
plants (Vicia faba L., var. Express). Their results 
indicate that when hydrated, MGDG forms an 
H-II phase, DGDG forms liposomes, while a mix- 
ture of these lipids in the molar ratio of 2:1 
(MGDG/DGDG) forms bilayers in which there 
are either interbilayer lipid particles correspond- 
ing to an inverted micellar phase or arrays of 
particles between apposed bilayers. 

Many studies of unsaturated phosphatidyl- 
ethanolamines have shown that their phase states 
are modified by the presence of other components. 
For example, when phosphatidylcholine is mixed 
with phosphatidylethanolamine, the bilayer-for- 
ming phosphatidylcholine tends to stabilize the 
bilayer or lamellar phase over the reverse hexago- 
nal phase [9]. Two components of different molec- 
ular shape can often form a new phase when 
mixed. In a dispersion of lysophosphatidylcho- 
line / cholesterol (1:1), the lipids are found to be 
organized in extended bilayers [10]. Furthermore, 
monoolein and dioleoyl-phosphatidylcholine when 
mixed in equimolar amounts at 5% water form an 
inverted hexagonal phase. In isolation under the 
same conditions, they form the lamellar phase 
[11]. It is possible that a mixture of chl a and 
MGDG may form a phase other than that formed 
by the pure lipids. In particular, if the chlorophyll 
and galactolipids form stable complexes, the 
molecular shape of such complexes may be such 
as to permit stabilization of a bilayer phase. 

In this paper, we report the effect of chl a on 
the phase behavior of aqueous dispersions of 
MGDG as revealed by freeze-fracture electron 
microscopy and X-ray diffraction. 


Materials and Methods 


Chlorophyll a was isolated from spinach ex- 
tracts following the dioxane precipitation proce- 
dures of Iriyama et al. [12] and powdered sugar 
chromatographic purification [13,14]. Final purifi- 
cation was carried out in milligram quantities with 
high pressure liquid chromatography, using an 


Alltech 5 um C-18 reverse phase column on a 
Waters High Pressure Liquid Chromatography ap- 
paratus with a UV detector at 254 nm. Complete 
resolution of chlorophyll a was achieved using a 
mobile phase consisting of 6% water in methanol 
at a column flow rate of 4 ml/min. Care was 
taken to minimize exposure of the chlorophyll a 
samples to room light and to keep the samples 
under nitrogen. 

Monogalactosyldiacylglycerols (average M, 773) 
from wheat flour were purchased from Sigma 
Chemical Co. The predominant fatty acid of 
monogalactosyldiacylglycerols is linoleic acid [15]. 

Galactolipids in benzene and chlorophyll a in 
chloroform were thoroughly mixed in a sample 
vial and the solvent evaporated under a stream of 
nitrogen. The residual solvent was removed by 
drying the sample under vacuum overnight. The 
dried film was then hydrated by adding excess 
nitrogen-saturated water and vortexing at room 
temperature. For X-ray diffraction measurements, 
samples were prepared similarly and transferred 
to thin-walled 1 mm diameter quartz capillaries 
(Blake Industries, Inc.) and flame sealed under 
vacuum. 

Wide-angle and low-angle X-ray diffraction 
patterns were recorded on X-ray-sensitive film as 
a function of temperature over the range 
—60°C-60°C. Diffraction measurements were 
carried out using monochromatic (1.5 A) wiggler- 
enhanced synchrotron radiation at the Cornell 
High Energy Synchrotron Source as described pre- 
viously [16,17]. Radiation damage was minimized 
by implementing the precautions outlined in an 
earlier publicaiton [18]. Some of the measurements 
were made using the newly developed time-re- 
solved X-ray diffraction method [19,20]. The sam- 
ples contained in 1 mm capillaries were placed in 
a brass holder and clamped in a brass block 
through which water from a thermostated water 
bath was circulated. Sample temperatures were 
stable to +0.5°C from 7°C to 55°C. Lower tem- 
peratures were achieved by passing over the sam- 
ple capillary a stream of dry nitrogen gas that had 
been cooled in a methanol/solid CO, bath or an 
FTS crystal cooling device. Sample temperature 
was recorded by a copper-constantan thermocou- 
ple positioned in or next to the sample capillary to 
within 2 mm of the X-ray beam. The sample 


assembly was mounted on a concentric goniome- 
ter head (Supper) attached to a Buerger precession 
camera (Supper) which acted as an optical bench 
in the alignment of collimator, sample, beam stop 
and film. Exposure times varied from 1 to 15 min 
depending on the electron current and sample 
concentration. 

Freeze fracturing was carried out on a Balzer 
360 M instrument using a ‘Clamshell’ type sample 
holder. Approximately 1.5 ul of sample was loaded 
into a sandwich consisting of 25 um thick copper 
discs which had been cleaned by dipping in 50% 
nitric acid. The sample was quenched rapidly from 
20°C by plunging the sandwich into liquid Freon 
22. In some experiments, a 58% solution of ethyl- 
ene glycol in water was used as cryoprotectant. 
The frozen sandwich was then mounted, fractured 
at — 130°C and etched for 30 s using the surface 
of a knife at — 190°C. The etched surface was 
shadowed with platinum from 30° to the horizon- 
tal, then coated with carbon. Replicas were freed 
from the copper discs by dissolving the discs in 
50% nitric acid. The replicas were then washed in 


TABLE I 


LONG-SPACINGS FOR FULLY HYDRATED 
MGDG/CHL a AGGREGATES 


Lipid Temp. Long-spacing 
(°C) (nm) 

MGDG 20 (5.31 vs *, 3.03 s, 2.66 s) ® 
— 40 3.78 vs 


18 mol% chl a 18 
in MGDG 


(4.97 vs, 2.90 s, 2.51 s) 


-63 4.0 vs 


30 mol® chl a 20 
in MGDG 


(5.19 s, 3.03 m, 2.64 w), 2.23 vw, 
0.75 vw 
— 40 4.16 s, 2.36 vw, 2.03 vw, 0.75 vw 


46 mol® chl a 20 5.13 s, 3.00 m, 2.79 vw, 2.28 m, 


in MGDG 2.01 vw, 0.75 vw 
~ 40 [1.00 vs, 1.85 w, 2.07 vw, 5.61 vw] € 
chl a 20 2.8 vw 


* Relative intensities are denoted vs, very strong; s$, strong; m, 
medium; w, weak; vw, very weak. 

P Bracketed reflections index according to a hexagonal lattice. 

* Because of uncertainties in sample-to-film distance absolute 
long-spacing determinations could not be made. The values 
reported correspond to radial position relative to that of the 
lowest angle reflection (see Fig. 3). 
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dimethylformamide, followed by water, then 
floated onto formvar coated grids for observation 
in a Philips 201C electron microscope at 80 kV. 


Results 


We have carried out both static and time-re- 
solved X-ray diffraction mesurements over the 
temperature range —60°C-—60°C on a series of 
fully hydrated samples ranging from pure MGDG 
to pure chla. The long-spacing data on representa- 
tive samples are presented in Table I. In every 
condition examined but one (vide infra), the pure 
lipid and lipid /chl a mixtures were in the fluid or 
liquid-crystalline phase as evidenced by diffuse 
scatter in the vicinity of (0.46 nm) |. 

The diffraction patterns of fully hydrated 
MGDG at 20°C and — 40°C are shown in Fig. 1. 
The low-angle region consists of a series of ex- 
tremely sharp reflections indexing on a hexagonal 





Fig. 1. X-ray diffraction patterns obtained for an aqueous 
dispersion of MGDG at 20°C (A), and at — 40°C (B) 


l4 


lattice with line spacings in the ratio 1/1: 
1//3:1/)4. The hexagonal pattern persists upon 
cooling down to approximately —15°C in the 
presence of supercooled water. However, once ice 
crystal formation occurs the low-angle diffraction 
pattern changes dramatically and exhibits a single 
strong reflection at (3.78 nm) ‘ down to —60°C. 
A single reflection such as this precludes lattice 
type and symmetry determination and thus phase 
identification. As the sample is heated from 
—60°C to —3°C, the diffraction pattern changes 
little, if at all. However, between — 3°C and 0°C, 
diffraction lines corresponding to a hexagonal 
phase emerge and the dimensions of the hexagonal 
lattice increase, perhaps due to water uptake, with 
increasing temperature up to 0°C. Thereafter, and 
as is observed with other systems [20], lattice size 
decreases with tempeature. At 20°C, the MGDG 
d, reflection at (3.03 nm) ' (Table I) corre- 





Fig. 2. X-ray diffraction patterns of a fully hydrated MODG 
sample containing 30 mol% of chl a at 20°C (A), and at 
- 40°C (B). 


sponds to a distance between cylinder axis in the 
hexagonal phase of 6.06 nm. This may be com- 
pared with the results of Shipley et al. [3] who 
observed a value of 6.05 nm at 20°C for fully 
hydrated MGDG prepared from Pelargonium 
leaves. 

The addition of chl a up to 18 mol% has no 
observable effect on the phase properties of 
MGDG. The hexagonal pattern was still present 
and it underwent similar changes upon ice forma- 
tion as was observed with MGDG alone. The 
lattice parameters did undergo slight changes as 
shown in Table I. At 30 mol% chl a, the diffrac- 
tion pattern continues to show reflections index- 
ing on a hexagonal lattice (Table I, Fig. 2) and, as 
noted with pure MGDG, the lattice dimensions 
have a negative temperature coefficient above 0°C. 
Additional reflections which do not index on a 
hexagonal lattice are seen in this sample (Table I) 


Fig. 3. X-ray diffraction patterns of a fully hydrated sample 
containing 46 mol% of chl a in MGDG at 20°C (A), and at 
40°C (B) 
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and we note also that the hexagonal lines are 
considerably broader than observed at the lower 
chi concentrations. This suggests that at 30 mol% 
chl a, the sample is probably in a mixed phase 
region and that the orderly hexagonal arrange- 
ment of lipid aggregates is being disrupted. 

At an even higher chl a level of 46 mol%, 
indexing of the low-angle diffraction lines was not 
possible at any of the temperatures examined (Ta- 
ble I, Fig. 3). It appears that at this level, chl a 
and MGDG do not accommodate each other in 
either the hexagonal packing arrangement or 
indeed any other unique geometry recognizable by 
X-ray diffraction. This is the only sample in which 
additional sharp lines to the wide-angle side of the 
(0.46 nm)~! peak were observed at — 40°C. How- 
ever, the phase state of the acyl chains cannot be 
established unequivocally under these conditions 
because of interference in this region by ice reflec- 
tions (Fig. 3). 

Diffraction patterns were also recorded on pure 
chi samples dispersed in water. Measurements were 
made at five temperatures in the range 
~ 39° C-50°C. At low angles, the diffraction pat- 
terns are featureless except for a single diffuse, 
ill-defined line centered at approximately (2.81 
nm)~' possibly indicating the presence of micellar 
aggregates. The wide-angle region shows a diffuse 
peak centered at (0.43 nm)~! in the presence of 
ice. Above 0°C, the broad wide-angle peak due to 
water overlaps with that of chlorophyll and a 
well-defined pigment peak is no longer visible. 

In the mixed MGDG /chl a systems containing 
in excess of 18 mol% chl a, a relatively sharp 
reflection at (0.75 nm)~! was consistently observed 
in the diffraction patterns at all temperatures 
examined. The origin of this reflection is not 
known, and given the observations with pure chl 
a, itis unlikely to represent phase-separated chl a. 
However, it was absent in the 18 mol% chl a 
sample, the lowest concentration of chl a in 
MGDG examined in this study. 

In conjunction with X-ray diffraction, freeze- 
fracture electron microscopy was carried out. Fig. 
4A shows a characteristic region of a replica pre- 
pared from 46 mol% of chl a in MGDG. The 
dominant structure has the appearance of large 
(250 nm diameter) bilayer liposomes, The fracture 
pattern of the structures ts circular, with the ‘halo’ 


that is characteristic of single bilayer vesicles which 
have been fractured and from which ice has then 
been removed from the outside surface by sub- 
limation during etching. In addition, there appear 
to be blisters on or around the liposomes (Fig. 
4B). The blisters may be due to areas of con- 
centration of chl a. In none of the micrographs 
examined was there any evidence of the H-H 
phase normally associated with MGDG. 


Discussion 


Pure MGDG in the fully hydrated state adopts 
the H-II phase over the entire temperature range 
examined when water is part of the system. Ice 
formation drives the MGDG into an as yet 
unidentified phase with fluid acyl chains. Indeed, 
over the entire phase diagram, liquid-crystalline 
hydrocarbon packing prevails with only one possi- 
ble exception at — 40°C for the 46 mol% chl a 
where evidence for the coexistence of gel and 
liquid-crystalline phase was obtained. 

The addition of 18 mol% chl a to MGDG 
perturbs the lipid system very little. The MGDG 
H-H phase accommodates this level of chl a with 
slight changes in the dimensions of the hexagonal 
lattice. Beyond 18 mol%, the H-II phase begins to 
disorder and additional phase(s), as yet unidenti- 
fied, begin to emerge. 30 mol% appears to be a 
transition region. It is here that a well-defined, 
albeit somewhat disordered, reverse hexagonal 
phase is seen in the presence of small amounts of 
these other phases. 

Worthy of note in this context is the result 
concerning the interaction of chl a with certain 
phosphatidylcholines. Several groups [21~23] have 
demonstrated that chlorophyll can be integrally 
incorporated into the bilayer, with the porphyrin 
headgroup in the polar region of the membrane 
and the nonpolar phytol chain inserted into the 
hydrophobic core of membrane along the fatty 
acyl chains. Eigenberg et al. [24,25] have obtained 
evidence for compound formation between chl a 
and distearoylphosphatidylcholine involving inter- 
action of the lipid phosphate with the magnesium 
ion in chlorophyll. More recently, Dea and Chan 
[26] have mapped the phase diagram of chl a ina 
bilayer membrane of dimyristoylphosphatidylcho- 
line and showed that chlorophyll-rich domains are 


formed in this lipid system. The monolayer solu- 
bility limit of chl a in both gel and liquid-crystal- 
line dimyristoylphosphatidylcholine have also been 
reported by Heithier and Méhwald [27] to be in 
excess of 20 mol%. While the lipid phase and 
dispersion type differ considerably between these 
systems, a similar conclusion is drawn, namely 
that the two lipid systems accommodate chl a to 
the extent of at least 20 mol%. 

The hydrocarbon chains of galactolipids are 
characterized by a high degree of unsaturation 
resulting in extremely low liquid-crystalline-to-gel 
phase transition temperatures. This may enable 
the phytol chain to insert easily into the hydro- 
phobic region along the acyl chains. While some 
long-range order is maintained in the MGDG/chl 
a mixtures, the X-ray diffraction results showed 
that the order is different from.that of pure 
MGDG when the chlorophyll mol% is 30% or 
greater. This is confirmed by the large liposomes 
observed with freeze-fracture electron microscopy 
and the absence of any H-Il fracture patterns. 
Thus, when chl a is incorporated into MGDG, it 
destabilizes the orderly H-II phase structure and 
disturbs the long-range order of the lipid array. 

The phases adopted by MGDG and chl a are 
consistent with the idea that the phase behavior of 
amphiphiles is strongly dependent on the relative 
cross-sectional area of headgroup and hydro- 
carbon regions of each molecule [28,29]. In this 
sense, chl a and MGDG represent opposite ex- 
tremes, the former having a large headgroup (the 
porphyrin ring) relative to a single hydrocarbon 
chain, and the latter a small headgroup (a galac- 
tose residue) and two unsaturated hydrocarbon 
chains giving it a wedge shape. Consistent with 
these dimensions, chil a forms normal micelles [30] 
when hydrated whereas MGDG forms a reverse 
hexagonal phase. 

A schematic representation of the H-II phase is 
shown in Fig. 5A. Upon incorporation of the chl a 
molecules, the disruption which arises from large 
differences in molecular shape between chl a and 
MGDG may allow the H-II cylinders to open up 
to form pseudobilayers, as schematically exem- 
plified in Fig. 5B. The same may also be responsi- 
ble for interrupting the long-range order of the 
lipid as reflected in the X-ray diffraction patterns. 
These models are consistent with those that have 
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Fig. 5 Diagrammatic representation of (A) the H-II structure 
of pure MGDG, and (B) the structures formed upon incorpo- 
ration of chl a into MGDG. 


been proposed as possible intermediates in the 
lamellar-to-H-II phase transition [20,31] and in 
the process of membrane fusion such as alamethi- 
cin-mediated fusion of lecithin vesicles [32]. 
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The events which make possible the characteristic fusion of the cell membranes of embryonic myoblasts are 
known to involve modification of the cell membrane (Hausman, R.E., Dobi, E.T., Woodford, E.J., Petrides, 
S., Ernst, M. and Nichols E.B. (1986) Dev. Biol. 113, 40-48). Myoblasts from chick embryos were allowed 
to differentiate in gyrotory aggregate culture and the order of their membranes was measured by EPR. Two 
spin-labels which insert at different depths into the lipid bilayer were used. Measurement with the 
5-nitroxystearate label showed an increase in myoblast membrane order (27 ) from 0-15 h of culture and 
again from 26-38 h of culture. Measurement with the 12-nitroxystearate label showed the 0-15 h increase 
in order but the second increase was greatly reduced and shifted in time. While the specific sources of these 
changes in membrane order cannot yet be identified, the changes observed correlated well with known events 
of myogenic differentiation in vitro. The initial increase in membrane order occurred while the myoblasts 
were recovering from the effects of trypsin dissociation and undergoing gyrotory aggregation. The second 
increase in membrane order occurred during the known period of prostaglandin receptor activity and 
increased cell-cell adhesion. 


Introduction 


The differentiation of embryonic myoblasts in 
vitro has been a useful system for the study of 
development. Two processes, the elaboration of 
specific cytoskeletal proteins which form the con- 
tractile apparatus of mature muscle [1~—4] and 
fusion of myoblast membranes [5-10], while not 
fully understood, have been extensively investi- 
gated. 

Myoblast fusion in vitro creates the myotube 
necessary for full elaboration of the characteristic 
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proteins [11]. However, it is clear that many of the 
molecules specific for myogenic differentiation ap- 
pear before membrane fusion [12-14]. This has 
led to increased interest in those aspects of myo- 
genic differentiation which precede fusion of the 
myoblast cell membranes [12,15—20]. 

Several of these early differentiation events dur- 
ing myogenesis in vitro are localized at the cell 
surface and may play a role in the cell-cell com- 
munication necessary to coordinate both fusion 
and the synchronous development of contractile 
proteins [21]. Electron paramagnetic resonance 
(EPR) study of membrane bilayers with spin-labels 
provides a very sensitive means of detecting events 
at the cell membrane [22]. It has been used to 
detect changes in membrane fluidity during pas- 
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sage of Chinese hamster ovary cells through the 
cell cycle [23], and to establish correlations be- 
tween membrane fluidity and thermosensitivity of 
mammalian cells [24]. 

While changes in the membrane fluidity or 
order of some differentiating cells have been re- 
ported [25,26], EPR has not (to our knowledge) 
been used to investigate changes in membrane 
order during embryonic myogenesis. We demon- 
strate here dynamic changes in the membrane 
order of embryonic chick myoblasts. We discuss 
the correlation of these changes with the processes 
of gyrotory aggregation of the cells, binding of 
secreted prostaglandin by cell membrane receptors 
and a consequent change in myoblast adhesion. 
Finally, we confirm with one EPR spin-label the 
known. increase in membrane fluidity which pre- 
cedes membrane fusion. 


Materials and Methods 


Materials 

Trypsin was obtained from Difco, soybean 
trypsin inhibitor and DNAase from Sigma, 
Dulbecco’s modified Eagle’s medium and penicil- 
lin/streptomycin from Gibco Europe, fetal bovine 
serum from Flow and potassium ferricyanide 
[K,Fe(CN);] from Merck. The spin-labels, 5- 
nitroxystearate (2-(3-carboxypropyl)-4,4-dimethyl- 
2-tridecyl-3-oxazolidinyloxyl) and 12-nitro- 
xystearate (2-(10-carboxydecyl)-2-hexyl-4,4-di- 
methyl-3-oxazolidinyloxyl) were purchased from 
Aldrich. All other chemicals were obtained from 
Farmitalia Carlo Erba. 


Myoblast cell cultures 

Primary cultures were prepared from pectoral 
muscles of 11-day embryonic chicks by a modifi- 
cation of standard procedures [21]. After washing 
in calcium and magnesium-free Tyrode’s solution, 
minced tissue was incubated in 0.25% trypsin in 
the same salt solution for 20 min at 37°C. The 
cells were washed twice by centrifugation with 50 
mg/ml of soybean trypsin inhibitor and twice 
with 2 mg/ml DNAase, both in calcium and 
magnesium-free Tyrode’s solution. Cells were re- 
suspended in Dubecco’s modified Eagle’s medium 
supplemented with 5% fetal bovine serum, 5000 
units/ml penicillin and 5 mg/ml streptomycin to 


a total volume of 10 ml. Loose aggregates of cells 
were broken up by fire-polished Pasteur pipet, the 
cells counted by hemocytometer and diluted in the 
same medium to a final concentration of 5-10° 
cell/ml. This suspension of single cells was then 
pipeted into sterile 50 ml Erlenmeyer flasks (6 ml 
per flask), gassed with a mixture of 5% CO,/95% 
air and the flasks were plugged. Flasks were gyro- 
tory rotated (100 rpm, 37°C). Under these condi- 
tions only the myoblasts aggregate, the fibroblasts 
adhere to the flask [21]. The suspended myoblast 
aggregates were collected for measurement. 


Microscopy 

Suspensions of myoblast cells or aggregates were 
pipeted onto glass slides, examined and photo- 
graphed with a Zeiss Ultrophot microscope. Mag- 
nifications are specified in the figure legends. 


EPR measurements 

Myoblasts (40-10°) were collected, centri- 
fuged, washed three times and resuspended in 
phosphate-buffered saline (0.5 ml). Thorough 
washing was necessary to eliminate the para- 
magnetic signal from fetal bovine serum. The su- 
pernatant from the third phosphate-buffered saline 
wash was tested and gave no signal. For both 
5-nitroxystearate and 12-nitroxystearate, a 3.25- 
107? M stock solution was made in 100% ethanol 
and stored at ~20°C until needed. 1 ul of either 
stock solution was added to the cell suspension, 
and the suspension was vortexed and rotation-in- 
cubated for 15 min at 37°C. 20 wl of a1 M 
K,Fe(CN,) solution (0.04 M) in phosphate- 
buffered saline was added, and the suspension was 
vortexed and added to capillary tubes. EPR mea- 
surement was on a temperature-controlled Varian 
E-4 X-band Spectrophotometer. It was operated 
at a microwave frequency of 9.12 GHz, at a power 
of 10 mW with a field modulation of 100 kHz. 
Temperature was monitored by digital thermome- 
ter with its thermocouple inserted into the capillary 
tube holder where silicon oil was added to main- 
tain even temperature distribution. Temperature 
was maintained to within +0.5 Cdeg. The data 
obtained were analyzed as detailed below. 


Results 


Spin-labels 

Both spin-labels are thought to orient them- 
selves inside the cell membrane noncovalantly (in- 
tercalate) with their longitudinal molecular axis 
perpendicular to the membrane surface. For 5- 
nitroxystearate, the location of the oxazolidine 
ring at position 5 of the hydrocarbon chain of the 
stearic acid allows the polar position of the hydro- 
phobic tail of the lipid bilayer to be sampled. The 
ring motion is, therefore, related to the rotation of 
the adjacent segment of the molecule [27]. The 
structure of the spectrum obtained from myob- 
lasts labeled with 5-nitroxystearate did not change 
significantly over the 48 h of experimentation; a 
typical spectrum is shown in Fig. 1. 12-Nitroxys- 
tearate is thought to insert deeper into the lipid 
bilayer [22,28,29]. Its spectra consist of at least 
two components [30]; a typical spectrum is shown 
in Fig. 2. As with 5-nitroxystearate, the structure 
of the 12-nitroxystearate spectra did not change 
significantly over the period studied. For both 
spin-labels, the distance between the outer hyper- 
fine splitting (27;,/) was measured directly from 
the spectra and used as an indicator of membrane 
order. For a complete theoretical treatment of the 
use of spin-labels in membranes see Ref 28. We 
measured the 27, with the smallest hyperfine 
splitting because this distance could be more pre- 
cisely measured at all time points. The signal due 
to the second component (2T/ with the larger 





Fig. 1. Representative EPR spectrum obtained from embryonic 
chick myoblasts ın rotation culture after labeling with 5-nitro- 
xystearate The external (277) hyperfine resonance extrema of 
the 7-tensor is indicated. The dotted line shows the mid-field 
line height The marked scale indicates 10 G intervals 
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Fig. 2. Representative EPR spectrum obtained from embryonic 
chick myoblasts in rotation culture after labelling with 12- 
nitroxystearate Parameters are marked as in Fig 1 


hyperfine splitting) was very small and could not 
be easily measured as it was sometimes masked by 
noise. 

The 5-nitroxystearate resonance signal obtained 
at each time point from the myoblasts in the 
presence of potassium ferricyanide remained quite 
stable. Measurements of the mid-field line height 
(Fig. 1) at intervals after introduction of the spin- 
label showed no decay of the signal. This observa- 
tion justified the addition of potassium fer- 
ricyanide to the samples. Not only did this sub- 
stance quench any free spin-labile, but (since it 
does not enter cells) it continuously oxidized the 
fatty acid spin-label which was being reduced at 
the cell surface [27]. The increase in signal sta- 
bility thus obtained demonstrated that the spin- 
label was not being internalized by the cells, 
otherwise the ferricyanide would not be active. 
Thus, it is reasonably certain the the 5-nitroxy- 
Stearate spin-label was probing the outer surface 
of the myoblast plasma membrane. In contrast, 
the measurements of mid-field line height from 
12-nitroxystearate spectra (Fig. 2) showed a 30% 
decay in 1 h which was not inhibited by fer- 
ricyanide. While this decay was slow enough to 
allow use of the spin-label, the lack of ferricyanide 
protection suggested that the membrane was being 
probed at a deeper level. 

The parameters which contribute to EPR spec- 
tra of cell membranes are not fully understood but 
include fluidity of phospholipids in the bilayer, 
local changes in charge across the membrane and 
molecular ordering [22]. While we have referred to 
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changes in 27; as changes in membrane order, 
27 should be understood as an empirical mea- 
sure of molecular motion in the immediate vicinity 
of the spin-label probe. 


Kinetics of gyrotory aggregation 

Single myoblasts (Fig. 3) rapidly formed large 
(> 100 cell) aggregates during the first 15 h of 
gyrotory rotation (Fig. 4). In aggregates from later 
stages (> 44 h), areas of smooth outer edge could 
be observed. These indicate the close membrane 
apposition and subsequent fusion characteristic of 
myoblasts [21]. 


Changes in membrane order 

Investigation of membrane order over the first 
48 h of differentiation in vitro with 5-nitro- 
xystearate spin-label yielded the results shown in 
Fig. 5. The membrane order increased almost 8% 
for the first 15 h, while the single cells were 
undergoing gyrotory aggregation. The membrane 
order then decreased until 26-28 h of culture. At 
this time, important in myoblast membrane inter- 
actions [21], the order again began to increase 
with a point of maximum order reached at 38 h. 
The order then decreased until the end of the 48-h 
study. 
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Fig. 3 Light micrograph of a suspension of 11-day embryonic 
chick muscle cells after 10 min of gyrotory rotation culture. 
Bar = 100 pm 





Fig. 4. Light micrograph of an aggregate of 11-day embryonic 
chick myoblasts and remaining single cells after 24 h of gyro- 
tory rotation culture The cells remaining single are virtually 
depleted of myoblasts. Bar =100 pm. 


Probing deeper into the membrane bilayer with 
12-nitroxystearate spin-label yielded a different 
picture (Fig. 6). The increase in membrane order 
associated with the period of gyrotory cell aggre- 
gation remained but that associated with subse- 
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Fig. 5. Myoblast membrane order as represented by 2T using 
the 5-nitroxystearate spin-label plotted as a function of time in 
culture. The plot represents measurements from five separate 
experiments with overlapping time points At each data point, 
the average value is shown. For each experiment, five measure- 
ments of 27; were taken per time-point The curve was 
obtained by connecting the experimental points. 
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Fig 6. Myoblast membrane order as represented by 27; using 
the 12-nitroxystearate spin-label plotted as a function of time 
in culture. The plot was obtained as described in Fig 5. 


quent myoblast membrane interactions was greatly 
reduced and shifted in time. 


Discussion 


The magnitude of the changes in 2T seen in 
this study are greater than those observed in most 
other complex cellular systems [23,24,26]. This is 
particularly significant since the changes in EPR 
spectra observed here are the result of gyrotory- 
mediated cell aggregation and myogenic differ- 
entiation in vitro, not the result of any direct 
experimental modification of the cell membrane. 
As noted earlier, the spectra of 12-nitroxystearate 
appears to consist of at least two spectral compo- 
nents. These may be due to lipid—protein interac- 
tions [30] or arise from a characteristic distribu- 
tion of the spin-label between plasma‘and in- 
tracellular membranes. The similar changes in 
membrane order seen over the first 15 h of culture 
with the 5-nitroxystearate and 12-nitroxystearate 
spin-labels and their known degrees of insertion 
into the lipid bilayer [22,28,29] give us confidence 
that the value of 27,’ with the smallest hyperfine 
splitting of the deeper-inerting spin-label is not 
due to insertion of the label primarily into in- 
tracellular membranes. Thus, we are observing 
molecular order changes in the myoblast plasma 
membrane. This conclusion is further supported 
by the ability (reported here) of ferricyanide to 
enhance the 5-nitroxystearate signal and by work 
currently in progress. 
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Most investigations of the structure of em- 
bryonic myoblast cell membranes have focused on 
membrane fusion. This occurs between the mem- 
branes of closely apposed myoblasts beginning at 
40 h in our culture system and continuing through 
60 h [21]. Thus, the period of culture from 38—48 
h is that immediately preceding membrane fusion 
for most myoblasts in the aggregates. Prives and 
Shinitzky [6] and Herman and Fernandez [7], using 
fluorescence spectroscopy, have both reported an 
increase in membrane fluidity during the period 
immediately preceding myoblast fusion. Our re- 
sults with the 5-nitroxystearate spin-label, showing 
a decrease of four Gauss in 27/ from 38-48 h of 
culture confirm their findings. However, our re- 
sults with the deeper-inserting spin-label show no 
decrease in membrane order over this period of 
differentiation. 

Our primary interest is in the earlier events of 
myogenic differentiation, specifically those which 
occur at the myoblast cell surface. There are three 
discrete events which occur over the period of 
differentiation investigated here. They are gyro- 
tory aggregation, binding of prostaglandin to a 
cell membrane receptor, and the change in cell-cell 
adhesion called recognition [21]. The latter two 
events are necessary for subsequent fusion and 
differentiation [31]. Throughout this period of cul- 
ture, the myoblast aggregates also synthesize and 
secrete prostaglandins [21] which are known to 
affect membrane fluidity [22]. 

The initial increase in membrane order from 0 
to 15 h of culture seen with both spin-labels 
correlates with two events unique to aggregate 
culture: recovery of the cell membranes from the 
effects of trypsin [32] and gyrotory aggregation of 
the myoblasts [21]. Because fibroblasts are gradu- 
ally being selected out of the cell suspension [21], 
the composition of the EPR sample is also chang- 
ing. The similar observation with both labels sug- 
gests that this change in membrane order occurs 
at both the outer surface and in the interior of the 
lipid bilayer, and perhaps is associated with the 
events of gyrotory aggregation and replacement of 
cell surface proteins. 

The subsequent increase in membranes order 
(from 28 to 38 h of culture) appears to be associ- 
ated with the surface of the lipid bilayer. It is seen 
only with the 5-nitroxystearate spin-label. This 
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change in order occurs at the time when pros- 
taglandin begins to bind to a specific membrane 
receptor on the myoblast membrane [21]. This 
causes a dramatic change in cell-cell adhesion [31] 
resulting in the close apposition of myoblast mem- 
branes which is so difficult to distinguish from 
actual membrane fusion [10,21]. 

Membrane order (as measured by 27,') can be 
influenced by several processes simultaneously. 
These may contribute to the final spectra to differ- 
ing extents. Furthermore, spin-label spectra ob- 
tained from fatty acid probes are sensitive to pH. 
Thus, the spectral changes observed may reflect 
contributions from local changes in membrane 
charge. These charge differences would themselves 
be significant in that they might directly affect 
cell-cell interactions. We have suggested some 
processes which are likely to contribute to the 
0--15-h and 28—38-h increases in membrane order 
seen in this study. We cannot yet attribute these 
changes in order to specific processes such as 
gyrotory aggregation, especially since the myob- 
last membrane is unlikely to be homogeneous and 
different regions may contribute different signals 
[30]. However, the differences observed in mem- 
brane order between the two spin-labels from 28 
to 38 h suggest that the factors affecting mem- 
brane order during this period of myoblast differ- 
entiation are different from those which contrib- 
ute to the 0—15-h increase in order. 

The finding by EPR of a change in myoblast 
membrane order which is associated with pros- 
taglandin receptor activation and myoblast recog- 
nition and adhesion raises the possibility of under- 
standing the biophysics of these myoblast mem- 
brane differentiation events. Toward this end, we 
are currently investigating the changes in mem- 
brane order after manipulation by probes for 
prostaglandin receptors and by inhibitors of pros- 
taglandin metabolism. 
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Lipid molecules in lipoprotein surfaces exchange with their counterparts in cell plasma membranes. In 
human or experimental liver disease, plasma lipoprotein surfaces are enriched in cholesterol and deficient in 
arachidonate; corresponding alterations occur in membrane lipids of erythrocytes. To determine whether 
similar changes take place in membranes of nucleated cells, the lipid content of plasma and of erythrocyte, 
liver and kidney membranes was measured in rats with acute (3-day) galactosamine-induced hepatitis or 
chronic (3-week) biliary obstruction. In both models of liver injury the cholesterol:phospholipid ratio in 
plasma and in erythrocytes was significantly increased (P < 0.001). Although this ratio was also elevated in 
liver and kidney microsomes, only in liver microsomes of obstructed rats was the increase significant 
(P < 0.001). However, the cholesterol:phospholipid ratio of kidney brush-border membranes, was signifi- 
cantly higher in bile-duct-ligated rats; presumably, compensating mechanisms limit cholesterol accumulation 
in intracellular membranes. Kidney brush-border membranes from obstructed rats were deficient in 
arachidonate as were plasma and erythrocytes. However, arachidonate levels were unchanged in kidney 
microsomes; renal A®-desaturase, the rate-limiting enzyme in the conversion of linoleic acid to arachidonic 
acid, was increased by 50% (P< 0.001) and may have counteracted a reduced supply of exogenous 
lipoprotein arachidonate. We conclude that in experimental liver disease lipoprotein-induced lipid abnormali- 
ties can occur in renal membranes, although compensatory mechanisms may operate; the alterations seen, 
cholesterol accumulation and arachidonate depletion, would be expected to interfere with sodium transport 
and prostaglandin production, respectively. Our findings support the hypothesis that lipid abnormalities in 
kidney membranes contribute to the renal dysfunction which is a frequent complication of human liver 
disease. 


Introduction 


In both human and experimental liver disease, 
characteristic changes occur in the lipid composi- 
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tion of the surface coat of plasma lipoproteins. 
These include a reduction of arachidonyl fatty 
acyl chains in the phospholipids and, as a conse- 
quence of diminished hepatic synthesis and/or 
secretion of lecithin—cholesterol acyltransferase 
(EC 2.3.1.43), an accumulation of cholesterol and 
phosphatidylcholine molecules [1]. Cholesterol and 
phospholipid molecules in lipoprotein surfaces 
tend to exchange and equilibrate with their coun- 
terparts in cell plasma membranes [2,3) and it is 
not surprising, therefore, that in liver disease, 


0005-2736 /87 /$03 50 © 1987 Elsevier Science Publishers B.V (Biomedical Division) 


platelets [4,5] and erythrocyte membranes [6-9] 
show lipid abnormalities similar to those of the 
plasma lipoproteins. 

The erythrocyte and platelet lipid abnormalities 
seen in jaundiced patients appear to correlate with 
changes in cellular and cell membrane functions. 
Cholesterol enrichment ofcthe erythrocyte mem- 
brane decreases its fluidity [9] and there is an 
associated impairment of Na* transport [8,10] 
and inhibition of anion exchange via the band 3 
transmembrane protein [11]. Platelets from pa- 
tients with liver disease aggregate less readily [4], 
apparently because there is insufficient arachidonic 
acid in platelet membrane phospholipids to con- 
vert to prostaglandins and thromboxane A, [4,12]. 
It seems likely, though experimentally unproven, 
that such membrane lipid abnormalities occur in 
tissues and organs and that membrane dysfunc- 
tion will be widespread in liver disease. 

Patients with severe liver disease develop several 
renal functional abnormalities, and may retain 
Na* and water [13-17]. No obvious histological 
changes are seen in the kidneys and the cause of 
the renal dysfunction is uncertain, since many of 
the proposed mechanisms may be secondary rather 
than primary events in their genesis [13—15]. One 
possibility is that renal membrane lipid abnormal- 
ities play an important role; accumulation of 
cholesterol may directly interfere with Na* trans- 
port, whilst reduced arachidonic acid levels may 
limit production of renal prostaglandins, including 
the vasodilator prostaglandin E, which helps to 
regulate renal vascular resistance, affects renal 
_ Na* and water excretion, and interacts with the 
renin-angiotensin system [16,17]. As a preliminary 
step in testing the hypothesis that membrane lipid 
changes contribute to renal dysfunction in liver 
disease, we have measured the cholesterol content 
and phospholipid fatty acid composition in kidney 
microsomes and brush-border membranes in rats 
with either acute galactosamine-induced hepatitis 
or chronic biliary obstruction. 


Materials and Methods 


Experimental animals 
Male Sprague-Dawley rats initially weighing 
180-200 g were used; they were fed on com- 
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mercial rat chow. Two models of liver injury were 
employed. 

(i) Galactosamıne hepatitis. Rats were given in- 
traperitoneal D-galactosamine hydrochloride (1 
g/kg body weight) dissolved in saline on the Ist 
and 3rd days. Control rats were given saline alone 
and all were killed on the 4th day. 

(ii) Bile duct ligation. Double ligation of the 
common bile duct, with section between the two 
ligatures, was performed under diethyl ether 
anaesthesia. Other rats were subjected to sham-op- 
erations and both groups were studied 3 weeks 
after the operations. 


Preparation of microsomes from liver and kidney 
and of brush-border membranes from kidney cortex 

Rats were killed by diethyl ether inhalation and 
their liver and kidneys were perfused in situ with 
100 ml of ice-cold 10 mM Tris-HCl buffer (pH 
7.5)/0.25 M sucrose. Microsomes were obtained 
from a cell-free homogenate by centrifugation at 
105 000 x g for 1 h at 4°C as described previously 
[18]. The microsomal pellet obtained was sus- 
pended in buffer and washed once by re-centrifu- 
gation. One portion was used immediated for lipid 
analysis, while another was stored at --75°C for 
assay of A°-desaturase activity. 

For preparation of the brush-border membrane 
the kidneys were placed on ice and the medulla 
removed by dissection. The remaining cortex was 
homogenized in 50 mM mannitol and, following 
addition of 0.4 ml of 1 M CaCl,, the final volume 
was adjusted to 40 ml. The suspension was gently 
mixed for 20 min and centrifuged at 3000 x g for 
10 min at 4°C. The supernatant was removed and 
recentrifuged at 18000 x g for 10 min to pellet the 
brush-border membrane [19]. Protein concentra- 


_ tions were determined with the Folin-Ciocalteau 


reagent [20] using bovine serum albumin as stan- 
dard. 


Lipid analyses 

Lipids were extracted from plasma by the pro- 
cedure of Folch et al. [21], from washed erythro- 
cytes with isopropanol and chloroform. [22] and 
from microsomes and brush-border membranes by 
the method of Bligh and Dyer [23]. Plasma free 
and total cholesterol concentrations were mea- 
sured by gas-liquid chromatography as described 
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previously [24] and membrane cholesterol and 
plasma triacylglycerols using commercial en- 
zymatic kits (Boehringer Corporation Ltd., Lewes, 
East Sussex, U.K.). Lipid phosphorus was mea- 
sured as inorganic phosphorus following digestion 
with H,SO, at 180°C [25]. The phospholipid fatty 
acid composition of microsomes and brush-border 
membranes was determined by gas-liquid chro- 
matography following separation of total phos- 
pholipids from neutral lipids on silica-gel G 
(Merck) thin-layer chromatograms with hexane/ 
diethyl ether/acetic acid, 90:20:1 (v/v) as 
solvent. The phospholipid fraction was transmeth- 
ylated by heating at 90°C for 1 h under N, in 14% 
(w/v) BF, in MeOH. The fatty acid methyl esters 
were extracted into hexane and separated at 185°C 
on a 150 cm column of 10% EGSS-X on Gas- 
Chrom P, 100/120 mesh; detection was by flame 
ionization. 


Enzyme assays 

Plasma lecithin—cholesterol acyltransferase ac- 
tivity was assayed using endogenous lipoproteins 
pre-labelled with ['*C]cholesterol as substrate [26]. 
The incubation time (30 min) was within the lin- 
ear period and, following separation of cholesterol 
and cholesteryl ester by thin-layer chromatogra- 
phy as described previously [27], the percentage of 
cholesterol esterified per h was determined. 

In man, arachidonic acid (20:4(n — 6) is derived 
almost entirely from dietary linoleic acid (18:2(n 
— 6) by desaturation and chain elongation [28]. 
The rate-limiting step is the initial conversion of 
linoleic acid to y-linolenic acid (18:3(n — 6) by a 
A’-desaturase. This enzyme was assayed in liver 
and kidney microsomes by incubating microsomal 
protein (0.2-1.0 mg) with 50 nmol NADH, 50 
pmol potassium phosphate buffer (pH 7.4) and 50 
nmol [*C]linoleoyl-CoA (0.1 pCi) in a final 
volume of 0.6 ml for either 10 min (liver) or 60 
min (kidney) at 37°C. Reactions were stopped by 
addition of CHCI,/MeOH (1:2, v/v) [22]. The 
lipid extracts were dried and the fatty acids trans- 
methylated for 1 h at 90°C with 14% (w/v) BF, in 
MeOH. The methyl esters were extracted into 
hexane and separated on silica-gel H thin-layer 
chromatograms containing 10% (w/w) AgNO, 
[29]. The esters of linoleic acid and linolenic acid 
were removed and the percentage conversion was 


calculated from the distribution of 14C between 
substrate and product fatty acids. 


Statistics 

All results are expressed as means + S.E.; stat- 
istical differences were determined by the unpaired 
Student’s t-test. 


Results 


Plasma lipids and lecithin—cholesterol acyltransfer- 
ase activity 

The plasma concentrations of triacylglycerol 
were significantly reduced (P < 0.001) in both 
models of liver injury, but total phospholipid levels 
were unchanged (Table I). Total cholesterol (i.e., 
free cholesterol and cholesteryl esters) was 25% 
higher (P < 0.05) in bile-duct-ligated rats than in 
sham-operated animals, but was unchanged in 
galactosamine-treated rats when compared to their 
controls. Plasma lecithin—cholesterol acyltransfer- 
ase activity was significantly reduced in both 
galactosamine-treated and bile-duct-ligated rats, 
whether expressed as an absolute or fractional 
amount of cholesterol converted into cholesteryl 
esters. As expected, in both galactosamine-treated 
and bile-duct-ligated rats, these reduced 
lecithin-cholesterol acyltransferase activities 
resulted in significant increases (P < 0.001) in the 
proportion of plasma total cholesterol present as 
free cholesterol and in the cholesterol:phospholi- 
pid molar ratio, C/PL. The proportions of lino- 
leate, dihomo-y-linoleate (20:3(n — 6) and 
arachidonate in the plasma total fatty acyl chains 
of bile-duct-ligated rats were significantly de- 
creased (P<0.05) compared to those in the 


. sham-operated rats (20.6 + 0.8, 0.7+0.1 and 9.6 


+ 0.5% compared to 27.2 + 0.5, 1.3 + 0.1 and 11.0 
+ 0.3%, respectively). In the galactosamine-treated 
rats these proportions were unchanged compared 
to the control rats. 


Lipid content of erythrocytes and microsomal mem- 
branes of liver and kidney 

The cholesterol content per mg protein was 
significantly higher (P < 0.001) in liver micro- 
somal membranes in both galactosamine-treated 
and bile-duct-ligated rats (Table II). However, in 
kidney microsomes the increase in mean 
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TABLE I 


PLASMA LIPID COMPOSITION AND LECITHIN-CHOLESTEROL ACYLTRANSFERASE (LCAT) ACTIVITY IN RATS 
WITH ACUTE GALACTOSAMINE-INDUCED HEPATITIS OR CHRONIC BILIARY OBSTRUCTION 


Groups of rats were injected with D-galactosamine hydrochloride (GalN) or saline and killed 3 days later or were subjected to 
bile-duct ligation (BDL) or sham-operation for 3 weeks as described in Materials and Methods. Results are means+SE and 
significance of differences from control values are indicated in the footnotes 


Animals (No ) Triacylglycerol Total Total Percentage of LCAT activity Cholesterol / 
(mmol/}) phospholipid cholesterol free cholesterol % i/mi h phospholipid 
(mmol/) (mmol/)) (%) IR eee ratio (mol/mol) 
GalN (13) 0.64+0.08 *** 1554009 1.5040.09 6144+3.4*** 49+0.7*** 4164+5.7 * 0.614005 ** 
Saline-injected (6) 1914021 1.634006 1.474012 310+0.7 141+1.5 62 9+6.2 0.28 + 0.02 
BDL (7) 072+0.04 *** 1414011 1.714013* 43241.7*** 49+01*** 360427 *** 0.5240.01 *** 
Sham-operated (8) 1.93 +0.33 1.64+0.03 13740.05 29.0403 17.240.8 67 242.2 0.244 0.01 


* P< 0.05. ** P< 0.01. *** P< 0001. 


cholesterol content was less than 10% and reached membranes were higher in bile-duct-ligated and 
significance (P < 0.05) only in the bile-duct-ligated galactosamine-treated rats than in the correspond- 
rats. Phospholipid content per mg of liver or kid- ing controls, suggesting that their fluidity may 
ney microsomal protein was unchanged, except in have been reduced. However, the rises in the C/PL 
liver microsomes of galactosamine-treated rats ratio were small and not significant (0.05 < P < 
which showed a small increase (P < 0.05). 0.01), except for liver microsomes of bile-duct- 

Membrane lipid analyses are better expressed ligated rates, which showed a marked increase 
as ratios or proportions, rather than absolute (P < 0.001). 


amounts per cell or per mg of membrane protein, 
since the former are good indicators of lipid—lipid Phospholipid fatty acyl chains in erythrocytes and in 


interactions within biomembranes. For example, microsomal fractions of liver and kidney 

in erythrocytes from patients with liver disease The proportion of arachidonate in erythrocyte 
reduced membrane fluidity correlates closely with phospholipid fatty acyl chains was significantly 
the C/PL molar ratio but not with the cholesterol lower in the galactosamine-treated or bile-duct- 
content per mg of membrane protein [9]. In both ligated rats, albeit less than 10%, than in the 
bile-duct-ligated and galactosamine-treated rats corresponding controls (Table IIT). However, this 
the C/PL ratios of erythrocyte membranes were reduction was not reflected in the phospholipids 
significantly elevated (P < 0.001) (Table II). The of liver or kidney microsomes, since no decrease in 
mean C'/PL ratios of kidney and liver microsomal arachidonate was seen in either experimental 
TABLE I 


LIPID COMPOSITION OF LIVER AND KIDNEY MICROSOMES AND OF ERYTHROCYTE MEMBRANES FROM RATS 
WITH ACUTE GALACTOSAMINE-INDUCED HEPATITIS OR CHRONIC BILIARY OBSTRUCTION 


Groups of rats and presentation of results are as described in Table I. Values in nmol/mg protein C/PL, cholesterol:phospholipid 
molar ratio. | 


Animals (No ) Liver microsomes Kidney microsomes Erythrocyte 
cholesterol phospholipid C/PL cholesterol phospholipid C/PL membranes 
(C/PL) 
GalN (13) 12845 822 + 40 0.154 0.01 210+ 2 586+ 6 036+0.00 0.8440.01 *** 
Saline-injected (6) 97 +2 702 +26 0.144000 194414 562 +32 034+0.01 073+40.00 
BDL (7) 16948 *** 668+19 0.25+001*** 2224 2* 57020 0.39+0.02 0.82+0.01 *** 
Sham-operated (8) 9614 720 +15 013+0.01 207+ 5 549 +13 0.38+0.00 0.744001 


*P<0.05 *** P< 0.001. 
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TABLE II 


COMPOSITION OF PHOSPHOLIPID FATTY ACYL CHAINS IN ERYTHROCYTE MEMBRANES AND KIDNEY AND 
LIVER MICROSOMES FROM RATS WITH ACUTE GALACTOSAMINE-INDUCED HEPATITIS OR CHRONIC BILIARY 


OBSTRUCTION 


Groups of rats are as described ın Table I. Results (weight %) of major fatty acids with retention times up to and including 
arachidonic acid (20:4(n —6) are means +S E and significance of differences from control values are indicated in the footnotes 


Erythrocyte membranes 


GalN (13) 


Animals (No.) 
16:0 18:0 
33.9 11.6 *** 
+02 +0.1 
Saline-injected (6) 32.1 126 
+0.9 +02 
BDL (7) 31.6 10.5 *** 
+01 +0.5 
Sham-operated (8) 327 13.7 
+0.4 +0.3 


*P<0.05. ** P<001. ***P < 0.001. 


' Kidney microsomes 


gate 7258 9.6 18.1 


Liver microsomes 
16:0 18:0 18:1 18:2 20:3 20:4 
1.9 ** 22.7 
+0.4 + 0.6 +0,.2 +0.3 +0.2 +0.5 
24.9 24.1 9.1 16.7 3.0 22.3 
+02 +0.5 +02 +0.6 +02 +04 
258 * 19.9 *** 18,7 *** ATT RM 15 =** 216 
+0.8 +0.2 + 0.4 +0.5 +0.2 +1.1 
22.6 25.5 9.7 16.8 29 22.0 
+06 +0.5 +03 +0.5 +0,2 +04 


+0.8 


model. Linoleate, the main dietary precursor of 
arachidonate, was significantly reduced in the 
phospholipids of both liver and kidney micro- 
somes in bile-duct-ligated rats but it was un- 
changed in galactosamine-treated animals. 


Microsomal A°-desaturase activity in liver and kid- 
ney 

The A®-desaturase activities in microsomal frac- 
tions from normal rat liver (107—270 pmol linoleic 
acid converted per min per mg protein) were 
similar to those reported by other workers [30,31] 
and at least 4-fold greater than in fractions from 
kidney (Table IV). The mean activity in liver 
microsomes was significantly lower in both galac- 
tosamine-treated rats (P < 0.001) and bile-duct- 
ligated rats (P < 0.05) when compared to their 
control groups. Unexpectedly, the mean value in 


18:1 18.2 20:3 20:4 
12.8 13.4 ** 1.9 * 26.3 * 
+02 +0.2 +0.1 +0.2 
12.9 11.1 2.4 28.5 
+0.5 +05 +0.1 +0.7 
Li Ze 8.9 ** 17 26.2 * 
+ 0.5 +0.4 +05 +0.4 
13.0 10.9 2.0 27.7 
+(0.3 +04 +05 +0.4 
16:0 18:0 18:1 18:2 20:3 20:4 
21.7 ** 19.0 117 15.6 2.6 29.6 * 
+0,9 +0.2 +01 +0.4 +0.4 +0.9 
24.5 18.2 111 16.1 28 27.5 
+0.2 +04 403 +0.4 +04 +40.5 
24.4 19.8 14.3 *** JL6*** 24 27.5 
+0.6 +0.9 +0.6 +0.6 +03 +1.2 
24.6 19.0 11.0 155 1.9 28.0 
+0.6 +02 +01 +0.3 +0.1 
TABLE IV 


MICROSOMAL A°-DESATURASE ACTIVITY IN LIVER 
AND KIDNEY FROM RATS WITH ACUTE GALAC- 
TOSAMINE-INDUCED HEPATITIS OR CHRONIC BI- 
LIARY OBSTRUCTION 


Groups of rats and presentation of results are as described in 
Table I. 


Animals (No.) Microsomal A®-desaturase 
activity (pmol/min per mg protein) 
_ liver kidney 
GalN (13) 131412 *** 191+41.6 
Saline-inyected (6) 270 +35 22.0+1.8 
BDL (7) 106+ 4* 23.3+1.8 ** 
Sham-operated (8) 1324 7 1§.2+1.0 


*P<0,05. ** P<0.01. *** P < 0.001. 
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the sham-operated rats was half that in the group 
injected with saline as control for the galactosa- 
mine-treated rats, even though all samples were 
assayed in the same run. The reason for this 
difference was not investigated. One possibility is 
that experiments with sham-operated (and bile- 
duct-ligated) rats lasted 18 days longer than those 
with saline-injected (and galactosamine-treated) 
rats and were begun 2 months later in the year; 
A®-desaturase activity is known to vary with the 
age of the animal and with the season of the year 
[30], whilst the 2-month extra storage time of 
microsomes from saline-injected rats may also have 
affected enzymatic activity. In kidney microsomes 
the A®-desaturase activity was significantly in- 
creased in bile-duct-ligated rats (P < 0.001) but 
was unchanged in the galactosamine-treated 
animals (Table I'V). 


Lipid composition of brush-border membranes in the 
kidney cortex of biliary-obstructed rats 

To assess whether lipid changes might be more 
pronounced in kidney plasma membranes, we iso- 
lated the brush-border membranes from seven 
bile-duct-ligated rats. The cholesterol content and 
C/PL ratio were both significantly raised in these 
membranes (Table V), although we had been un- 
able to detect a change in the C/PL ratio of the 
microsomal fraction (Table II). In addition, the 
amount of arachidonate in brush-border mem- 
brane phospholipids was 15% lower in bile-duct- 
ligated rats compared to sham-operated controls 
(P <0.001), but there was no difference in the 
microsomal fractions. 


Discussion 


Results from the present study establish for the 
first time that lipid abnormalities occur in renal 
membranes in experimental liver disease; they ap- 
pear to be induced by changes in plasma lipopro- 
tein lipid composition. Rat kidney brush-border 
membranes were found to have accumulated 
cholesterol and to have lost arachidonate in phos- 
pholipid fatty acyl chains 3 weeks after bile-duct 
ligation, alterations expected to interfere with Na* 
transport and to diminish prostaglandin synthesis, 
respectively. These findings provide support for 
the hypothesis that lipid abnormalities in kidney 


membranes contribute to the renal dysfunction 
which is commonly séen in patients with severe 
liver disease. 

As expected from previous studies [32-34], liver 
injury in rats induced by either bile-duct ligation 
or galactosamine treatment resulted in a fall in 
plasma lecithin—cholesterol acyltransferase activ- 
ity, an accumulation of cholesterol in lipoprotein 
surfaces and a rise (of up to 15%) in the cholester- 
ol : phospholipid ratio of red cell membranes. Liver 
microsomes from bile-duct-ligated rats were also 
enriched in cholesterol, but no change was found 
in those from galactosamine-treated rats. This dif- 
ference was unexpected; cholesterol exchange be- 
tween lipoproteins and membranes is rapid [2] and 
the red cell membranes of both groups were 
enriched to a similar extent. Nucleated cells have 
two ways to handle a net influx of exogenous 
cholesterol which are unavailable to red cells; they 
can reduce endogenous cholesterol synthesis and 
they can divert cholesterol from their membrnes 
into an intracellular cholesteryl ester storage pool. 
It is conceivable that these mechanisms were still 
able to function during the 3-day period of galac- 
tosamine treatment but were impaired by pro- 
longed biliary obstruction. 

Kidney microsomes in bile-duct-ligated rats, 
however, accumulated no more cholesterol than 
those in galactosamine-treated animals; in both 
cases the mean rise in the C/PL ratio was small 
(dess than 4%) and statistically insignificant. Kid- 
ney cells differ from those in liver by being exposed 
only to the lipoproteins of the extravascular fluid; 
fenestrations in the thin layer of sinusoidal endo- 
thelium enables all of the plasma lipoproteins, 
except chylomicrons and large very-low density 
lipoproteins, to interact with the hepatocyte 
surface [35]. The relationship between lipoproteins 
in plasma and in interstitial fluid is poorly defined; 
current evidence suggests that as well as dif- 
ferences in concentration there may be dissimilari- 
ties in composition and morphology of particles of 
the same lipoprotein class [36,37]. Cholesterol up- 
take by red-cell membranes from cholesterol-rich 
plasma in vitro depends on the incubation time, 
the C/PL ratio of the plasma and the relative 
amounts of membrane cholesterol and plasma 
cholesterol [38]. Whether the inability of kidney 
microsomes in bile-duct-ligated rats to amass 


cholesterol compared with liver microsomes can 
be attributed to diminished concentrations and/or 
lower C/PL ratios of renal interstitial fluid lipo- 
proteins compared to plasma lipoproteins remains 
to be established. The plasma membrane forms 
only a small percentage of a microsomal fraction 
and, although cholesterol equilibrates relatively 
freely between surface membranes and mem- 
branes of intracellular organelles [2], it is possible 
that our analysis of whole kidney microsomes may 
have masked a greater cholesterol ‘enrichment of 
the plasma membrane. Analysis of brush-border 
membranes from the kidney cortex of bile-duct- 
ligated rats supported this possibility; their C/PL 
ratio was significantly raised, indicating that 
brush-border membranes cannot maintain a nor- 
mal cholesterol content when kidney cells are 
exposed to abnormal, cholesterol-rich lipopro- 
teins. 

Most arachidonic acid in mammalian cells is 
present as an ester in the 2-position of glycero- 
phospholipids. It is derived predominantly from 
dietary linoleic acid by desaturation and chain 
elongation; the initial introduction of a double 
bond by A®°-desaturase, to form y-linolenic acid, is 
the rate-limiting step [28,39,40]. In rat, and prob- 
ably man, liver has the highest desaturase activity 
[40]. It has been suggested that the liver could be 
the major source of arachidonic acid for other 
tissues in the rat [40]; this function probably in- 
volves lipoproteins as transport vehicles, since cir- 
culating complexes of albumin and free-fatty acids 
contain relatively little arachidonic acid [41]. 

Red cells cannot synthesize fatty acids or 
elongate or desaturate fatty acyl chains, turnover 
of these lipids occurs by utilization of exogenous 
free-fatty acids in the phospholipid deacylation-re- 
acylation cycle and by equilibrium exchange of 
intact phospholipid molecules between membrane 
and plasma. It is not surprising, therefore, that 
there is a significant reduction of arachidonate in 
the phospholipids of red cell membranes in bile- 
duct-ligated rats and that this reflects the de- 
creased proportion of arachidonate in plasma. The 
reasons for plasma arachidonate deficiency are 
less clear [42]. Abnormal lipoprotein metabolism 
may be one factor, inasmuch as patients with 
familial Jecithin—cholesterol acyltransferase de- 
ficiency have good liver function but reduced 
arachidonate levels in plasma, red cells and plate- 
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lets [43]. Impaired absorption of dietary linoleic 
acid may also contribute, but decreased hepatic 
conversion of linoleate to arachidonate probably 
plays the predominant role. The reduced A®-de- 
saturase activity in liver of bile-duct-ligated rats 
suggests reduced production of arachidonic acid 
and decreased availability for export in the phos- 
pholipids of lipoprotein surfaces. Despite this di- 
minished A®-desaturase activity, normal arachi- 
donate levels were found in the phospholipids of 
hepatic microsomes; the liver may be able to 
conserve this eicosanoid precursor [44]. The pro- 
portion of arachidonate in phospholipids of kid- 
ney microsomes was also unchanged in bile-duct- 
ligated rats. However, when renal brush-border 
membranes were analysed a significant reduction 
in arachidonate was found; conceivably, the 50% 
increase in A®-desaturase activity in kidney micro- 
somes of bile-duct-ligated rats could represent a 
mechanism to compensate for a diminished exoge- 
nous supply of lipoprotein arachidonate. 

In conclusion, our analyses of renal brush- 
border membranes establish that both the choles- 
terol and fatty-acid contents of these membranes 
can be influenced by the lipid composition of 
interstitial fluid lipoproteins. Similar alterations in 
the lipids of intracellular renal membranes were 
not detected, suggesting that compensatory mech- 
anisms, such as changes in lipid synthetic rates, 
may have been operating. Whether these putative 
mechanisms can adequately compensate if cellular 
exposure to the altered lipoproteins is more pro- 
longed is uncertain; gross cholesterol accumula- 
tion occurs in the renal cortex of patients with 
familial lecithin—cholesterol acyltransferase de- 
ficiency [43], but in mice given fat-free diets the 
renal cortex tenaciously retains arachidonate in all 
phospholipid classes except phosphatidylinositol 
[44]. By analogy with studies in red cells [8,10] and 
platelets [4,12] from jaundiced patients, cholesterol 
enrichment and arachidonate depletion of renal 
membranes are likely to perturb Na™ transport 
and prostaglandin production, respectively; 
whether kidney membrane lipid abnormalities play 
a significant role in the impaired renal handling of 
sodium and water reported in biliary-obstructed 
rats [45] or can contribute to a better understand- 
ing of the aetiology of renal dysfunction in human 
liver disease must await additional investigations. 
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A transmembrane complex containing fodrin (an actin-binding protein) and a major surface glycoprotein 
(GP 180) was previously isolated from mouse T-lymphoma cells by the complementary techniques of 
non-ionic detergent extraction and sucrose gradient centrifugation (Bourguignon et al. (1985) J. Cell Biol. 
101, 477-487). The analysis of this complex has been extended to verify the structural association and 
further define the interaction between fodrin and GP 180. The association between fodrin and GP 180 has 
been confirmed by the following evidence: (1) co-sedimentation of fodrin and GP 180 in a single peak on a 
sucrose gradient with a sedimentation coefficient of 20 S; (2) a constant ratio of fodrin and GP 180 across 
the 20 S peak; (3) the specific co-precipitation of GP 180 with fodrin from the 20 S peak using anti-fodrin 
antibody; and (4) the colocalization of fodrin and GP 180 from the 20 S peak on actin filaments using an 
immuno-electron microscopic technique. Furthermore, this fodrin-GP 180 complex can be readily dissoci- 
ated and reassembled in the presence and absence of 0.6 M NaCl, respectively. The fact that this fodrin-GP 
180 complex displays actin-binding ability indicates that this transmembrane complex may play an important 
role in the linking event between receptors and the cytoskeleton during lymphocyte patching and capping. 


Introduction 


A direct connection between transmembrane 
cell surface proteins and the underlying cytoskele- 
ton may be essential for processes such as cell 
motility, cell-cell recognition, phagocytosis, endo- 
cytosis etc. (for a general review see Ref. 2) that 
require the lateral movement of cell surface recep- 
tors. Plasma membrane-cytoskeleton interactions 
have been demonstrated in a number of differing 
cell types. Such interactions may be relatively 
static as in erythrocytes [3,4], the microvilli of 
intestinal brush-border cells [5,6] or ascites tumor 
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cells [7]. On the other hand, plasma membrane-cy- 
toskeleton interactions may be the result of an 
inducible event such as receptor redistribution in 
lymphocytes and fibroblasts [8—11]. 

Currently, the most comprehensive view ot the 
protein composition and structural arrangement 
of plasma membrane—cytoskeleton interactions is 
from the more structured systems of erythrocytes 
and intestinal brush-border cells. In erythrocytes, 
binding of cytoskeletal spectrin to the transmem- 
brane anion-channel protein, band 3, is mediated 
by the membrane attachment protein, ankyrin 
[3,12]. The binding of spectrin to actin, in turn, 
appears to be mediated by band 4.1 [4]. Band 4.1 
may also serve as a membrane attachment protein, 
since it can also bind to the erythrocyte membrane 
through its direct interaction with the glyco- 
phorins and band 3 [13,14]. In brush-border cells, 
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recent evidence indicates that the 110 kDa actin- 
binding protein may be an integral membrane 
protein [6]. The direct attachment of this protein 
to cytoskeletal actin would represent a simpler 
system of membrane-actin interaction and an al- 
ternative model to that represented by the 
erythrocyte system. 

In lymphocytes, the initial implication of an 
interaction between membrane and cytoskeletal 
components was provided by immunofluorescent 
experiments. It was demonstrated that during 
ligand-induced cell-surface receptor redistribution 
there was a parallel accumulation of actin, myosin, 
and a-actinin directly beneath receptor patches 
and caps [8,15,16]. More direct evidence of an 
association between specific surface receptors and 
the underlying cytoskeleton was suggested by 
non-ionic detergent extraction of isolated plasma 
membranes to obtain a detergent insoluble, mem- 
brane-associated cytoskeletal residue [17]. For ex- 
ample, when surface immunoglobulin molecules 
are induced to patch and/or cap, they become 
tightly linked to the detergent insoluble cytoskele- 
ton [10,11]. 

Because so little is known about the detailed 
molecular organization of transmembrane-cyto- 
skeletal protein associations in lymphocytes, we 
have sought to draw analogies to the well-defined 
erythrocyte system. The existence of cytoskeletal 
proteins common to both lymphocytes and 
erythrocytes has provided insight into how such 
cytoskeletal elements may regulate lymphocyte re- 
ceptor mobility. For example, the co-localization 
of actin and myosin with receptor patches and 
caps influenced Bourguignon and Singer [8] to 
propose that surface receptors were clustered into 
caps via a sliding filament mechanism analogous 
to that occurring during muscle contraction. Sub- 
sequent experiments demonstrated that G) myosin 
light chain phosphorylation occurs during 
lymphocyte capping [18], (11) a myosin light-chain 
kinase is associated with the lymphocyte cyto- 
skeleton [19], and (iii) a Ca?*-activated myosin 
light-chain kinase is responsible for the regulation 
of receptor capping [20]. 

Even as we begin to understand the regulation 
of the movement of cell surface molecules follow- 
ing their linkage to the cytoskeleton, we still know 
very little about the protein or proteins that 


mediate the interactions between transmembrane 
proteins and the cytoskeleton. Recently, several 
laboratories have investigated a group of non- 
erythroid spectrins (fodrin, TW 260/240) that have 
the ability to cross-link actin and bind to 
spectrin-depleted erythrocyte membranes [21-25]. 
The widespread distribution of fodrin has led 
Glenney and Glenney [26] to suggest that fodrin 
could provide the general linkage system between 
microfilaments and the membrane in nonerythroid 
and nonmuscle cells. Fodrin has been identified in 
both plasma membrane and membrane-associated 
cytoskeleton fractions obtained from lymphocytes 
[1,27]. Indirect evidence from immunofluorescent 
studies demonstrated that fodrin localizes beneath 
concanavalin A caps in fibroblasts and con- 
canavalin A, immunoglobulin, and H2 caps in 
lymphocytes [27-29], suggesting a possible role in 
receptor reorganization. Moreover, the amount of 
fodrin associated with the Nonidet P-40-insoluble 
cytoskeleton increases significantly during lym- 
phocyte patching and capping [1,27]. In addition 
to fodrin, a major cell-surface transmembrane gly- 
coprotein with a molecular weight of 180000 is 
also recruited to the lymphocyte cytoskeletal frac- 
tion during patching and capping [1,27]. Interest- 
ingly, when this 180 kDa glycoprotein (GP 180) is 
immunoprecipitated by anti-GP 180 antibody from 
Nonidet P-40-solubilized plasma membrane, 
fodrin is also selectively co-precipitated [1]. 
Bourguignon et al. [1] have also demonstrated that 
GP 180 can be preferentially separated from other 
cell-surface proteins following Triton X-114 ex- 
traction and partitioning. This GP 180-enriched 
fraction also contained fodrin, and preliminary 
analysis of this material, coupled with the co-re- 
cruitment and immunoprecipitation data, led these 
authors to suggest that GP 180 and fodrin are 
closely associated in vivo. 

In the present paper, we have conducted a 
variety of experiments including stoichiometric 
measurements, dissociation and reassembly as- 
says, immunoprecipitation, immunoelectron mi- 
croscopic localization, and actin-binding analyses 
to demonstrate further the close interaction be- 
tween fodrin and GP 180 as a transmembrane 
complex. We believe that this fodrin-GP 180 com- 
plex may be very important for the transmem- 
brane interactions occurring between membrane 
proteins and the cytoskeleton. 


Materials and Methods 


Cell culture and plasma membrane isolation. 
Mouse T lymphoma cells (BW5147), provided by 
R. Hyman (The Salk Institute), were grown and 
plasma membranes isolated as previously de- 
scribed [1]. 

Radioactive labeling of cellular proteins. Surface 
proteins were labeled with ‘I using the iodogen 
method of Fraker and Speck [30]. To label pro- 
teins metabolically with [*S]methionine or 
[° H]glucosamine, approx. 1- 10° cells/ml were in- 
cubated with either [*°S]methionine (1000 
Ci/mmol) or [*H]glucosamine (100 Ci/mmol) 
(ICN, Irvine, CA) in Dulbecco’s modified Eagle’s 
medium under standard culture conditions for 16 
h. 

Concanavalin A blotting. Isolated plasma mem- 
brane was electrophoresed as described below. 
The polypeptides were then transferred to nitro- 
cellulose sheets [31], incubated with 30 peg of 
125]-labeled concanavalin A ([30]; Calbiochem, La 
Jolla, CA), dried and analyzed by autoradiogra- 
phy. 

Con A-Sepharose affinity chromatography. A 
Con A-Sepharose (Pharmacia, Piscataway, NJ) 
column (6.0 x 0.5 cm) was washed with 0.15 M 
NaCl/10 mM Tris-HCl (pH 7.3) containing 0.5% 
Triton X-114. Plasma membrane isolated from 
125 .labeled cells was extracted in 1% Triton X-114 
as described below. The material was passed over 
the column at least ten times to allow for suffi- 
cient binding. The column was then washed until 
no further radioactivity was removed. Wash buffer 
containing 1 M methyl a-D-mannoside was then 
used to elute the column. Fractions containing 
unbound and specifically eluted radioactive pro- 
teins were separately pooled and analyzed by 
SDS-gel electrophoresis. 

Non-tonic detergent extraction. YI- or 
(*°S]methionine-labeled lymphocyte plasma mem- 
brane was isolated from intact cells, washed in 
0.15 M NaCl1/10 mM Tris-HCl (pH 7.3) and then 
resuspended in 200 pl of 1.0% (v/v) Triton X-114 
in the same buffer. The protein concentration in 
all samples was kept at about 2.5 mg/ml. Extrac- 
tion and partitioning was carried out as previously 
described [1]. Since GP 180 can be separated from 
other cell surface proteins by its preferential parti- 
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tioning into the upper, aqueous phase, we used the 
Triton X-114 aqueous phase as the starting 
material for all subsequent experiments. 

Isolation of a native 20 S transmembrane com- 
plex. }*°1- or [*°S]methionine-labeled plasma 
membrane was isolated from intact cells, extracted 
with Triton X-114 and partitioned as described 
above. The aqueous phase was then loaded onto a 
linear sucrose gradient (7-28%) with a 0.5 ml 
cushion of 65% sucrose and centrifuged at 70000 
X g,, for 22 h. Fractions were counted on a LKB 
MiniGamma gamma counter (LKB Instruments, 
Rockville, MD) to determine the distribution of 
surface-iodinated protein within the gradient. 
Total protein concentration in each fraction was 
determined by absorbance at 280 nm. Fractions 
that corresponded with either the 280 nm protein 
peak or 1°I-labeled’ peak were pooled, precipi- 
tated with 10% trichloroacetic acid, and subse- 
quently analyzed by SDS-polyacrylamide gel elec- 
trophoresis and autoradiography. The [*°S]- . 
methionine-labeled fractions that corresponded to 
the !*°]-labeled peak were precipitated with tri- 
chloroacetic acid and the individual fractions were 
analyzed by SDS-polyacrylamide gel electrophore- 
sis autoradiography, and scanning densitometry. 
The !*°J-labeled peak fractions corresponded to a 
sedimentation value of 20 S as calculated using 
protein standards of tetrameric fodrin, tetrameric 
spectrin (11 S), and G-actin (3.7 S) as described 
previously [1]. In order to iodinate the proteins in 
the 20 S peak fractions (i.e., fodrin and GP 180), 
the Triton X-114 aqueous fraction was iodinated 
prior to centrifugation on sucrose gradients. 

SDS-polyacrylamide gel electrophoretic and auto- 
radiographic analysis. Electrophoresis was con- 
ducted using an exponential polyacrylamide gradi- 
ent (6.0-17.0%) slab gel and the discontinuous 
buffer system described by Laemmli [32]. Gels 
containing samples labeled with either 1I or 
[?°S]methionine were stained, fluorographed [33], 
vacuum dried, and exposed to Kodak X-ray (X- 
Omat, AR-5) film at — 70°C. In order to quanti- 
tate the relative amounts of GP 180 and fodrin in 
gel lanes, silver-stained gels and autoradiograms 
of [*°S]methionine-labeled or I-labeled proteins 
were scanned on a Quick Scan R & D (Helena 
Laboratories, Beaumont, TX) scanning densitome- 
ter. 
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Isolation of 9 S, GP 180 by high salt extraction 
and sucrose gradient centrifugation. The I-labeled 
20 S material was isolated as described above, 
diluted with 0.15 M NaCl/10 mM Tris-HCI (pH 
7.3) containing 0.01% Triton X-114, and con- 
centrated using a 3 ml Amicon stirred filtration 
cell. This material was then divided into an experi- 
mental sample exposed to high salt and a control. 
The experimental sample was adjusted to 0.6 M 
NaCi/10 mM Tris-HCl (pH 8.0)/0.5% Triton X- 
114; the control sample to 0.15 M NaCl/10 mM 
Tris-HCl (pH 7.2)/0.5% Triton X-114. The extrac- 
tion buffer was modeled after ones used to extract 
cytoskeletal proteins [21,22,34]. 9 S, GP 180 was 
obtained by an overnight incubation of 20 S 
material with high salt (0.6 M NaCl) at 4°C 
followed by centrifugation on a linear sucrose 
gradient (7-28%) for 22 h at 70000 Xx g. 20 S 
control material, incubated overnight in physio- 
logical strength salt (0.15 M), was run on a paral- 
lel 7-28% sucrose gradient. The high-salt sample 
was centrifuged on a sucrose gradient containing 
0.6 M NaCl, whereas the control sample was run 
on a gradient containing 0.15 M NaCl. Parallel 
high-salt and control gradients containing }*I- 
labeled human transferrin and spectrin were in- 
cluded as internal controls to demonstrate that 
high salt had no inherent effect on S values. 

In vitro reassembly of a transmembrane complex 
from 9 S, GP 180 and fodrin. (1) Preparation of a 9 
S, GP 180-Con A-Sepharose column. Isolated 9 S, 
GP 180 material was first dialyzed overnight 
against physiological strength salt (0.15 M 
NaCl1/10 mM Tris-HCl (pH 7.3)/0.1% Triton X- 
114) to reduce the salt concentration and remove 
sucrose, and then passed over a Con A-Sepharose 
column. This 9 S, GP 180 bound column was used 
for the following in vitro reassembly assay. (2) In 
vitro reassembly assay. After washing the 9 S, GP 
180-Con A-Sepharose column with physiological 
strength salt (0.15 M NaCl buffer), 3-5 pg of 
123T-labeled [30] pig brain fodrin was passed over 
the unlabeled 9 S, GP 180-Con A-Sepharose col- 
umn at least ten times to insure maximum fodrin 
binding, and the column was then washed until no 
more radioactivity was removed. A parallel Con 
A-Sepharose column with no bound GP 180 was 
run as a control for nonspecific binding and/or 
elution of }* I-labeled fodrin. Following washing, 


columns were eluted with 1 M methyl a-p-man- 
noside and 0.5 ml fractions collected. To demon- 
strate specific sugar elution profiles, 9 S, GP 180- 
bound and 20 S-bound Con A-Sepharose columns 
were also prepared as positive controls. Fractions 
from all four columns were then counted and 
plotted vs. fraction number to establish an elution 
profile for each column. (3) Characterization of in 
vitro assembled 9 S, GP 180-fodrin transmem- 
brane complex. The newly formed 9 S, GP 180- 
fodrin transmembrane complex was preferentially 
eluted by methyl a-pb-mannoside from a Con A- 
Sepharose column and analyzed by sucrose gradi- 
ent (7—28%) centrifugation for 22 h at 70000 x g. 
9 S, GP 180 alone, sugar-eluted from a Con A- 
Sepharose column, was run on a parallel gradient 
as a control. 

Immunoprecipitation procedure. The 20 S, GP 
180-containing peak fraction (isolated by sucrose 
density centrifugation as described above) was 
incubated with a polyclonal rabbit anti-fodrin an- 
tibody (kindly provided by Dr. Shin Lin, Johns 
Hopkins University) or pre-immune serum at 4°C 
for 30 min. This step was followed by an over- 
night incubation with goat anti-rabbit immunog- 
lobulin [35]. The resulting immunoprecipitates 
were pelleted by centrifugation at 700 x g,, for 5 
min, washed three times with 0.1% Triton X-114 
in 0.15 M NaCl/10 mM Tris-HCl (pH 7.3) 
solubilized in sample buffer and analyzed by 
SDS-polyacrylamide gel electrophoresis autoradi- 
ography. 

Actin-binding analysis. The I-labeled 20 S, 
GP 180-containing peak was isolated and con- 
centrated as described above. F-actin was pre- 
pared according to the procedure of Pardee and 
Spudich [36]. For these analyses, the peak material 
was incubated with actin under two different sets 
of conditions. Peak material was incubated with 
40 pg of F-actin, an estimated 50 molar excess, in 
a solution comprising 0.1 M NaCl/2 mM 
MgCl,/1 mM EGTA/10 mM imidazole-Cl (pH 
7.0) [37]. In the second type of experiment, the 
peak material was incubated with equimolar con- 
centrations of F-and G-actin (20 ug of each) in 0.1 
M NaCl/2 mM Tris-HCl (pH 8.0)/1.2 mM 
MgCl,/1.2 mM CaCl,/ and 05 mM 2- 
mercaptoethanol, a buffer favoring actin poly- 
merization [36]. In parallel controls, peak material 


was incubated in the absence of actin. After an 
incubation period of 4-12 h at 4°C, the material 
was loaded onto a standard linear sucrose gradient 
(7-28%) and centrifugated at 70000 x g,, for 22 
h. The gradients were then fractionated and the 
'2>T-labeled peak was determined by gamma 
counting. 

Immunoelectron microscopy. The isolated '**I- 
labeled 20 S, GP 180-containing peak material 
was dialyzed overnight against G-actin buffer 
comprising 5 mM Tris-HCl (pH 8.0)/0.2 mM 
ATP/0.2 mM CaCl,/0.5 mM 2-mercaptoethanol. 
This dialyzed material was then added to G-actin 
and polymerization was initiated by the addition 
of 50 mM KCI/1 mM ATP/1 mM MgCl, [36]. 
Polymerization was carried out for 1 h at room 
temperature or overnight at 4°C. Following poly- 
merization, anti-GP 180 or anti-fodrin was added 
and the material incubated at 4°C for 30 min. 
This step was followed by the addition of protein 
A-gold [38]. Control samples, which were either 
incubated with antisera preabsorbed with GP 180 
or fodrin or in which the primary antibody ad- 
dition step was omitted, were run in parallel with 
the experimental samples. Following 30 min in- 
cubation with protein A-gold, aliquots of material 
were removed, applied to formvar-coated grids, 
washed extensively with buffer, and negative 
stained [39]. Grids were then examined in a Philips 
300 electron microscope operating at 60 kV and 
photographed. 


Results 


GP 180 as a concanavalin-A -binding glycoprotein 
The Coomassie blue staining pattern after 
SDS-polyacrylamide gel electrophoresis of iso- 
lated plasma membrane from !*°I]-labeled mouse 
T-lymphoma cells revealed many membrane-asso- 
ciated polypeptides with molecular weights rang- 
ing from about 300000 to 17000 (Fig. 1A). We 
have previously identified the high-molecular- 
weight doublet above myosin in lane 1A as the 
actin-binding protein, fodrin [1]. The corre- 
sponding autoradiogram shows several !*°I-labeled 
cell surface proteins with molecular weights rang- 
ing from 25000 to 250000 (Fig. 1B). An M, 
180000 protein appears to be one of the major 
iodinated proteins (Fig. 1B). The results of blot- 
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Fig. 1. Characterization of mouse T-lymphoma plasma mem- 
brane proteins. (A) Coomassie blue staining of total plasma 
membrane. (B) Autoradiogram of '**I-surface-labeled plasma 
membrane. (C) Autoradiogram of total plasma membranes 
that are processed by SDS-polyacrylamide gel electrophoresis, 
electrophoretically transferred to nitrocellulose sheets, and then 
incubated with '**I-labeled concanavalin A. G indicates the 
M, 180000 (GP 180) band. (D) Autoradiogram of detergent 
solubilized, '™ I-labeled plasma membrane proteins that were 
bound to a Con A-Sepharose column and specifically eluted 
with methyl a-D-mannoside. (Molecular weight markers: 
myosin, 200000; B-galactosidase, 130000; lactoperoxidase, 
78000; bovine serum albumin, 68000; actin, 42000; con- 
canavalin A, 25000). 


ting and binding of plasma membrane with !*]- 
labeled concanavalin (Fig. 1C) and Con A-Sep- 
harose columns (Fig. 1D) indicate that the 180 000 
protein is a major concanavalin A-binding glyco- 
protein previously identified as GP 180 (also 
known as T200) [1,40]. The binding specificity of 
GP 180 for concanavalin A was confirmed by its 
specific binding and elution from Con A-Sep- 
harose columns [Fig. 1D). In addition to GP 180, 
at least three other cell-surface proteins, with 
molecular weights ranging from 130000 to 70000, 
were specifically bound and eluted from Con A- 
Sepharose. 
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Characterization of the fodrin-GP-180-containing 
peak material 

A fodrin-GP 180 complex can be routinely 
isolated by a selective Triton X-114 extraction 
procedure [1.41] followed by sucrose gradient 
centrifugation as described previously (Ref. 1; Fig. 
2a, 2a~A; 2a-B). To characterize the fodrin-GP- 
180-containing peak material, we determined the 
sedimentation coefficient (S value) of the peak 
and the [*°S]methionine ratio of GP 180 to fodrin 
across the peak. Using 3.7 S G-actin [42] and 11 $ 
tetrameric spectrin or fodrin [24] as protein stan- 
dards, we were able to confirm that the sedimenta- 
tion coefficient of the fodrin-GP 180 peak 1s 20 5 
(Fig. 2a). The relative ratio of fodrin to GP 180 in 
the individual gradient fractions corresponding to 
the 20 S peak was examined using plasma mem- 
brane isolated from cells metabolically labeled 
with [> S]methionine. (Previously [1]. we had 
pooled the 20 S peak fractions to estimate a 1:1 
ratio of fodrin to GP 180.) The analysis was done 
on [S]methionine autoradiograms instead of 
Coomassie-blue-stained gel lanes because GP 180, 
like many other glycoproteins, does not stain well 
with Coomassie. The ratio of fodrin to GP 180 
was determined by integration of the area under 
the respective peaks generated by scanning 
densitometry of SDS-electrophoresis autoradio- 
grams. For our ratio calculations we compared 
relative arbitrary units of fodrin and GP 180. The 
relative ratio of fodrin to GP 180 is constant 
across the 20 S peak (compare Figs. 2a and 2b), 
suggestive of a specific association between fodrin 
and GP 180. Similar results were also obtained 
following the analysis of total '*°I-labeled and 
silver-stained 20 S material (data not shown). 

Next, we wanted to examine the effect of high 
salt on the components of the 20 S peak, since 
similar treatments have been shown to dissociate 
fodrin from membranes [21,22] and spectrin from 
the band 3-ankyrin complex of erythrocytes [34]. 
Following incubation in 0.6 M NaCl, the '*I- 
labeled GP 180 exhibits a lower sedimentation 
coefficient (Fig. 3b) than the control (Fig. 3a). 
When compared to !” I-labeled transferrin with an 
average S value of 5 [43], the high-salt-treated 
peak has an apparent S value of 9. The control 
peak retains an S value of 20, identical to the 
value calculated during the original isolation pro- 


cedure (Fig. 2). Parallel high-salt and control 
gradients containing '*°I-labeled transferrin were 
run to demonstrate that the high salt gradient has 
no apparent effect on S value. Note that the 
2°5T_labeled 9 S peak obtained under high-salt 
conditions displayed a significant shoulder, with 
an S value of more than 10. When all the 9 S peak 
material is collected (including the shoulder), and 
dialyzed against physiological strength buffer (0.15 
M NaCl), the 20 S peak is partially reformed (data 
not shown). Previous controls demonstrated that 
tetrameric fodrin, with an S value of 11, would be 
included in the shoulder of the 9 S peak. 

Further analysis indicates that both native 
fodrin-GP 180 (20 S) complex (Fig. 2a and 3a) 
and GP 180 (9 S) (Fig. 3b), but not fodrin (Fig. 
4b) bind specifically to Con A-Sepharose and can 
be eluted by the sugar, methyl a-p-mannoside 
(Fig. 4a). In order to demonstrate the direct bind- 
ing between fodrin and GP 180, in the absence of 
high salt, an in vitro reassembly assay that in- 
volves the addition of "I-labeled fodrin to 9 S, 
GP 180 material bound to a Con A-Sepharose 
column was performed, Our data reveals that 
251 -Jabeled fodrin can associate with GP 180 as 
shown by the following two pieces of evidence: (1) 
the '*5]-labeled fodrin-GP 180-Con A-Sepharose 
bound material was eluted by the specific sugar, 
methyl a-D-mannoside, suggesting the co-elution 
of I-labeled fodrin and GP 180; and (2) the 
sugar eluted material containing the newly formed 
'251Jabeled fodrin-GP 180 complex displayed a 
sedimentation coefficient of 20 S (Fig. 5), similar 
to that of the native fodrin-GP 180 complex (Figs. 
2a and 3a). (A parallel gradient of 9 S, GP 180 
alone was run as a control (Fig. 5).) Our data 
demonstrate that fodrin and GP 180 can be disso- 
ciated and reassembled in the presence and ab- 
sence of high salt, respectively, implying that the 
binding between these two molecules. is rather 
specific, 

To provide further evidence of a close associa- 
tion between fodrin and GP 180 in the 20 S peak, 
we immunoprecipitated fodrin from the 1I- 
labeled GP 180-containing 20 S peak material 
using an anti-fodrin antibody. Analysis of the 
precipitated proteins by SDS-electrophoresis and 
silver staining [44], demonstrated that fodrin was 
the major visible protein precipitated from the 20 
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Fig. 2. Analysis of ‘I-labeled Triton X-114 aqueous phase by sucrose gradient centrifugation. (a) The total protein profile as 
determined by absorbance at 280 nm (W) vs. the '25T labeled proteins (@). Protein standards of G-actin and tetrameric spectrin or 
fodrin with respective S values of 3.7 and 11 were used to determine the S value of the '™ I-labeled peak. (A and B) 
SDS-polyacrylamide gel electrophores analysis of the pooled !™ I-labeled 20 S peak fractions with Coomassie blue Staining pattern 
(A) showing the actin-binding protein, fodrin (240/235) and corresponding autoradiogram (B) demonstrating the presence of 
'**]-labeled GP 180. (b) Profiles of [**S}methionine-labeled GP 180 and fodrin across the 20 S peak fractions indicated in (a). The 
relative ratios of fodnn (@) and GP 180 (©) were calculated from densitometry tracings of autoradiograms obtained from individual 
fractions within the peak. Similar results were also obtained with both '** I-labeled and silver-stained material. 


S peak material (Fig. 6A). A band in the range of of this same gel lane confirmed the presence of 
M, 180000 suggested that GP 180 was co-precipi- GP 180 in the immunoprecipitated material (Fig. 
tated along with fodrin. Autoradiographic analysis 6B). Analysis of this immunoprecipitated material 


50 Control 
20S 118 58 
‘ + + 






tw te 
© © 


125)_GPp 180 (CPM X 1072) 
5 


0.6M Naci 


= 50 9S 
i ł 
ga 

"40 

x 

= 

G 30 

to 

w 

mn 20 

&.. 

T 

= 16 


G 5 10 15 20 25 30 35 
Bottom Top 
Fraction Number 


Fig. 3. High-salt treatment of the 20 S, "I-labeled GP 180- 
containing material. (a) Sucrose gradient centrifugation of the 
control 20 $ material. (b) Sucrose gradient centrifugation of 
the 20 S material after exposure to 0.6 M NaCl. Following 
high-salt treatment the 20 S, GP 180-containing material is 
reduced to a value of 9 S. 
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Fig. 5. Sucrose gradient centrifugation of newly formed 
'*“T-labeled fodrin-GP 180 material (prepared according to the 
procedure outlined in Materials and Methods and shown in 
Fig. 4b (@)) eluted from Con A-Sepharose by the addition of 
methyl a-D-mannoside. The ‘I-labeled fodrin containing 
material (@) sediments with a sedimentation coefficient of 
approx. 20 5, indicating that the fodrin-GP 180 complex can 
be assembled by the addition of exogenous fodrin. A parallel 
gradient of 9 S, ‘2° labeled GP 180-containing material alone, 
sugar eluted from a Con A-Sepharose column, was run as a 
control (W). Protein standards of G-actin (3.7 S), transferrin (5 
S), and tetrameric fodrin or spectrin (11 S) were used to 
determine § value. 


indicates that fodrin and GP 180 appear in a ratio 
similar to that observed in the 20 S peak fractions 
(Fig. 2) and in our previously published im- 
munoprecipitation experiments [1]. The control 
precipitate showed neither fodrin (Fig. 6C) nor 
GP 180 (Fig. 6D). These data provide more evi- 
dence that GP 180 and fodrin are specifically 
associated in the 20 S peak. 
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Fig. 4. In vitro reassembly of exogenous pig brain fodrin with 
lymphocyte GP 180. (a) Con A-Sepharose binding properties 
of native 20 S complex and 9 S, GP 180. Native 20 S, 
fodrin-'“* I-labeled GP 180 complex (i) is first bound to a Con 
A-Sepharose column and then specifically eluted by addition 
of the sugar, methyl a-D-mannoside (arrowhead). This paral- 
lels the pattern of binding and elution of 9 S, GP 180 (@). b. 
Binding of '**I-labeled fodrin to a GP 180-Con A-Sepharose 
column and specific elution with the sugar, methyl a-D-man- 
noside. '*° I-labeled fodrin is bound to GP 180 (9 S)-Con 
A-Sepharose (@) and then specifically eluted following the 
addition of the sugar, methyl a-D-mannoside (arrowhead). 
12$ Jabeled fodrin that is nonspecifically bound to Con A-Sep- 
harose in the absence of GP 180 (a) is not eluted by the 
addition of sugar. The elution of '**I-fodrin from the GP 
180-Con A-Sepharose column parallels that of both 9 S, GP 
180 alone and the native 20 S, fodrin-GP 180 complex. 
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Fig. 6. Immunoprecipitation of the 20 S peak material with 
rabbit anti-fodrin antibody followed by goat anti-rabbit im- 
munoglobulin (IgG). (A) Silver staining pattern of the im- 
munoprecipitate showing ‘odrin as the major specific precipi- 
tated protein. (B) Corresponding autoradiogram indicating the 
co-precipitation of GP 180. (C) Control lane showing the 
nonspecifically precipitated bands and (D) the corresponding 
control autoradiogram indicating the absence of GP 180 
(IgG y = heavy chain of IgG; IgG, = light chain of IgG). 
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Additional evidence that fodrin is associated 
with GP 180 in the 20 S peak came from examin- 
ing the localization of these proteins along actin 
filaments formed in the presence of the 20 S 
complex material. The localization of fodrin using 
anti-fodrin antibody followed by protein A-gold 
showed labeling of small clusters along actin fila- 
ments (Fig. 7a and 7b). A very similar labeling 
pattern was observed when the distribution of GP 
180 along actin filaments, using anti-GP 180 anti- 
body followed by protein A-gold, was examined 
(Fig. 7c and 7d). No labeling was observed on 
control grids that were either treated with fodrin 
or GP 180 pre-adsorbed serum or in which the 
primary antibody step was omitted. 

Since the 20 S, fodrin-GP 180-containing peak 
material was shown to be associated with F-actin 
filaments by cytochemical procedures, we decided 
to examine biochemically its ability to bind actin. 
When isolated '**I-labeled 20 S peak material is 
incubated in the presence of actin, it moves farther 
into the sucrose gradient than control material 
(Fig. 8). Protein standards demonstrated that the 
actin-incubated material had sedimentation coeffi- 
cient of 34 S. The increased S value indicated that 





Fig. 7. Immuno-gold localization of both GP 180 and fodrin on actin filaments that were formed in the presence of the 20 S, GP 
180-fodrin containing material. (a and b) Negative-stain image of actin filaments showing the association of fodrin (arrowheads: 
108000). (c and d) Negative-stain image of actin filaments showing the association of GP 180 (arrowheads: 108000) 
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Fig, 8. The '** I-labeled 20 S peak material was incubated with 
G-actin under polymerizing conditions and then analyzed by 
sucrose gradient centrifugation. Following incubation with 
actin, the S value of the complex shifted from 20 S to 34 S, 
indicating that the complex has the ability to bind to actin. 
Fodrin (11 S), transferrin (5 S) and G-actin (3.7 S) were used 
as protein standards of known § values. 


the isolated 20 S peak could bind actin. Actin 
binding with the fodrin and GP 180 compiex was 
verified by SDS-electrophoretic analysis (data not 
shown). The immuno-gold localization of fodrin 
and GP 180 along the actin filaments in the 34 S 
peak fractions was very similar to that observed in 
Fig. 7 (data not shown). The results from these 
aforementioned experiments, examined as a whole, 
suggest that lymphoma fodrin and GP 180 are 
closely associated as a stable transmembrane com- 
plex with the ability to bind actin. This transmem- 
brane complex might thereby mediate or par- 
ticipate in the interaction of cell-surface receptors 
with the cytoskeleton during patching /capping in 
mouse T-lymphocytes. 


Discussion 


Previously, we have identified a transmembrane 
complex from T-lymphoma plasma membrane that 
may play a role in linking one or more surface 
receptors to the cytoskeleton during ligand-in- 
duced cell-surface capping or other cytoskeleton- 
mediated surface events [1]. In this study, we have 
carried out further structural analysis of this 
transmembrane complex in order to understand 


the linkage properties between membrane protein 
(s) and the cytoskeleton. One of the proteins in 
this complex, GP 180, is a transmembrane glyco- 
protein that has been shown to be very similar if 
not equivalent to T-200 (a major T-lymphocyte- 
specific glycoprotein) [1]. Like T200 [40], GP 180 
binds concanavalin A and can be specifically 
eluted from columns of Con A-Sepharose. 

During Triton X-114 extraction of mouse T- 
lymphoma membranes, GP 180 partitions into the 
Triton X-114 aqueous phase along with such cyto- 
skeletal proteins as actin and the actin-binding 
protein, fodrin [1]. For this reason, we hypothe- 
sized that GP 180 might be closely associated with 
certain hydrophilic cytoskeletal components in un- 
stimulated lymphoma cells. Glenney and Glenney 
[6] used this same type of extraction procedure to 
isolate the M, 110000 brush-border protein from 
other cytoskeletal proteins and characterize it as 
an integral membrane protein. 

Further analysis of the aqueous phase of Triton 
X-114-extracted /*°I-labeled lymphoma mem- 
branes enabled us to identify a distinct peak on 
sucrose density gradients in which + I-labeled GP 
180 and the actin-binding protein, fodrin, are 
major components (Fig. 2; Ref. 1). The co-sedi- 
mentation of fodrin and GP 180 suggests that 
these two proteins may be closely associated. Car- 
raway et al. [7] have used similar separation proce- 
dures to isolate a transmembrane protein-actin 
complex from detergent-extracted microvillar 
membranes. Our ability to co-isolate fodrin and 
GP 180 from this 20 S peak material with anti- 
fodrin antibody (data not shown) further 
strengthens the evidence that GP 180 and fodrin 
are specifically associated. 

By running protein standards with known S 
values during the isolation of the GP 180 contain- 
ing material on sucrose gradients, we were able to 
calculate a sedimentation coefficient of 20 S for 
the associated fodrin-GP 180 material. To de- 
termine the fodrin: GP 180 ratio throughout the 
20 S, GP 180-containing peak, we isolated this 
material from cells metabolicity labeled with 
(*5S}methionine. SDS-electrophoresis autoradi- 
ography followed by scanning densitometry of the 
autoradiogram established a constant ratio of 
fodrin to GP 180 across the 20 S peak. In ad- 
dition, these two proteins appear to be labeled to 


a similar extent by silver staining, }**I-labeling, 
and [S]methionine labeling. Therefore, it is pos- 
sible for us to speculate on the stoichiometry of 
these proteins based on the following assump- 
tions. The assumptions are: (1) fodrin is present in 
a tetrameric form (combined M, 950000); (2) GP 
180 is present in a monomeric form (M, 180000); 
and (3) both proteins are labeled equivalently. 
According to the aforementioned assumptions, we 
can calculate a 1:1 molar ratio of fodrin to GP 
180 in the pooled fractions of the 20 S peak as 
described previously [1]. In this study, the results 
of similar calculations also reveal a 1:1 molar 
ratio of fodrin to GP 180 in the individual frac- 
tions across the 20 S peak. Therefore, we believe 
that a close association exists between these two 
molecules. The same 1:1 molar ratio has been 
demonstrated for the ankyrin-band 3 transmem- 
brane complex from erythrocytes [34], and the 
actin-CAG transmembrane complex from the mi- 
crovillar membranes of ascites tumor cells [7]. 

Following exposure to the same high salt condi- 
tions previously used to remove fodrin from mem- 
branes [21,22], the }*°I-labeled GP 180 containing 
material sediments at an S value of 9, less than 
that estimated for isolated tetrameric fodrin (11 
S). This reduced S values suggested that fodrin 
was separated from GP 180 under high-salt condi- 
tions. Similar high-salt conditions have been shown 
to cause the dissociation of the ankyrin-band 3 
complex from spectrin [34]. The shift in S value of 
the GP 180, 9 S peak material to its original 20 S 
value can occur following the binding of !*I- 
labeled fodrin to 9 $, GP 180 in the absence of 
high salt (Fig. 4). These data suggest that these 
two proteins are able to reassemble as a trans- 
membrane complex. Most importantly, our reasso- 
ciated fodrin-GP 180 complex also displays 
lectin-binding properties similar to those of the 
native 20 S complex, implying that the in vitro 
assembly of these two proteins may be similar to 
that of the native complex. Our ability to high- 
salt-dissociate the 20 S, fodrin-GP 180-containing 
material and then reform it by the addition of 
fodrin to the 9 S, GP 180-containing material in 
the absence of high salt further corroborates our 
evidence that there is an interaction between fodrin 
and GP 180. 

Both cytochemical (Fig. 7) and biochemical 
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(Fig. 8) data indicate that the 20 S, fodrin-GP 180 
complex is capable of binding F-actin. In ad- 
dition, the amount of both fodrin and GP 180 in 
the actin-containing cytoskeleton increases signifi- 
cantly during lymphocyte patching and capping 
[1,27]. Since fodrin is an actin-binding protein, it 
is reasonable to assume that, functionally, the 
interaction of the fodrin-GP 180 complex with 
actin is through fodrin. 

From this study, we have further demonstrated 
that fodrin is closely associated with a specific 
transmembrane protein, GP 180, in T-lymphoma 
plasma membranes. Additionally, this transmem- 
brane complex has the ability to interact with 
actin, and such an interaction may be responsible 
for the linkage of the GP 180 receptor to the 
cytoskeleton. Apparently missing from our fodrin- 
GP 180 complex is an ankyrin-like or 4.1-like 
protein, spectrin-binding proteins that appear to 
mediate the binding of spectrin to erythrocyte 
membranes [23,45]. Although both an ankyrin-like 
protein and a 4.1-like protein have been localized 
in the subcap region of capped lymphocytes 
[27,46,47], and polypeptides of both proteins have 
been isolated from lymphocytes [46,47], these pro- 
teins have not been successfully identified in our 
20 S material. It is possible that these proteins 
(present in small quantities in the complex) are 
responsible for linking GP 180 and fodrin. Alter- 
natively, GP 180 may itself have certain ankyrin- 
like or 4.1-like fodrin-binding properties in its 
cytoplasmic domain that allows it to bind directly 
to fodrin in mouse T-lymphoma cells. This possi- 
bility is under active investigation in our labora- 


tory. 
Acknowledgements 


We thank Dr. J.E. Magnusen for help in the 
preparation of this manuscript and Dr. K.L. Car- 
raway for suggestions and reading this article. 
This work was supported by U.S. Public Health 
Grants Al 19188 and GM 36353; NIH grant 
DRR, 507 RR 05 363 awarded under the Bio- 
medical Research Support Grant Program, 
American Cancer Society, Florida Division Grant 
No. F86UM-3, and American Heart Association 
grants. L.Y.W.B. is an Established Investigator 
from the American Heart Association. 


46 
References 


1 Bourguignon, L.Y.W., Suchard, S.J., Nagpal, M.L. and 
Gienney, J R., Jr. (1985) J. Cell Biol. 101, 477-487 
2 Geiger, B. (1983) Biochim. Biophys. Acta 737, 305~341 
3 Bennett, V. and Stenbuck, P J. (1979) Nature (Lond ) 280, 
468-473 
4 Branton, D., Cohen, C.M. and Tyler, J. (1981) Cell 24, 
24-32 
5 Matsudaira, P.T. and Burgess, D.R. (1979) J Cell Biol. 83, 
667-673 
6 Glenney, J.R and Glenney, P. (1984) Cell 37, 743-751 
7 Carraway, C.A C., Jung, G. and Carraway, K L. (1983) 
Proc Natl. Acad. Sci. USA 80, 430-434 
8 Bourguignon, L.Y.W. and Singer, S.J. (1977) Proc Natl 
Acad. Sa USA 74, 5031-5035 
9 Bourguignon, LY.W, Hyman, R, Trowbridge, I. and 
Singer, S.J. (1978) Proc. Natl. Acad Sci. USA 75, 2406-2410 
10 Flanagan, J. and Koch, G.L.E (1978) Nature (Lond ) 273, 
278-281 
11 Braun, J., Hochman, PS. and Unanue, E.R. (1982) J 
Immunol. 128, 1198-1204 
12 Bennett, V and Stenbuck, PJ (1979) J Biol Chem. 254, 
2533-2541 
13 Anderson, R.A. and Lovrien, RE. (1984) Nature 307, 
655—658 
14 Pasternak, G R., Anderson, RA, Leto, T L. and Marchesi, 
V.T. (1985) J. Biol. Chem 260, 3676-3683 
15 Geiger, B. and Singer, S.J. (1979) Cell 16, 213-222 
16 Hoessh, D., Rungger-Brandle, E , Jockusch, B.M. and Gab- 
biam, G. (1980) J Cell Biol 84, 305-314 
17 Osborn, M and Weber, K. (1977) Exp Cell Res 106, 
339-349 
18 Bourguignon, L.Y.W., Nagpal, M. and Hsing, Y.C. (1981) 
J. Cell Biol. 91, 889-894 
19 Bourguignon, L.Y.W., Nagpal, M.L., Balazovich, K., Guer- 
riero, V and Means, A.R. (1982) J. Cell Biol. 95, 793-797 
20 Kernck, WG.L and Bourguignon, L.Y.W. (1984) Proc 
Natl Acad Sci USA 81, 165-169 
21 Levine, J. and Willard, M. (1981) J. Cell Biol 90, 631-643 
22 Bennett, V., Davis, J. and Fowler, W.E (1982) Nature 
(Lond.) 299, 126-131 
23 Burndge, K., Kelly, T and Mangeat, P. (1982) J Cell Biol. 
95, 478—486 


24 Glenney, J.R., Jr., Glenney, P., Osborn, M. and Weber, K. 
(1982) Cell 28, 843-854 

25 Glenney, J.R., Jr., Glenney, P. and Weber, K. (1982) J. 
Biol. Chem. 257, 9781-9787 

26 Glenney, J R., Jr., and Glenney, P. (1983) Cell 34, 503-512 

27 Bourguignon, LY.W and Bourguignon, G.J. (1984) Int. 
Rev. Cytol. 87, 195-224 

28 Levine, J. and Willard, M. (1983) Proc. Natl. Acad. Ser 
USA 80, 191-195 

29 Nelson, W J., Colaco, C.A.L. and Lazandes, E (1983) Proc. 
Natl. Acad Sci. USA 80, 1626-1630 

30 Fraker, P.J. and Speck, J C., Jr. (1978) Biochem. Biophys. 
Res. Commun. 80, 849-857 

31 Burnette, W.N. (1981) Anal Biochem. 112, 195-203 

32 Laemmli, U.K. (1970) Nature (Lond.) 227, 680-685 

33 Bonner, W.M. and Laskey, R.A. (1974) Eur. J. Biochem 
46, 83-88 

34 Bennett, V. (1982) Biochim. Biophys Acta 689, 475—484 

35 Trowbridge, I.S and Mazauskas, C. (1979) Eur. J Im- 
munol. 6, 557—562 

36 Pardee, J.D. and Spudich, J A (1982) in Methods in Cell 
Biology (Wilson, L, ed), Vol 24, pp. 271-289, Academic 
Press, New York 

37 Pearl, M., Fishkind, D., Mooseker, M., Keene, D. and 
Keller, T , III (1984) J. Cell Biol 98, 66-78 

38 Slot, J.W. and Geuze, H.J. (1981) J Cell Biol. 90, 533-536 

39 Hinkley, R.E. (1976) J. Ultrastruct. Res. 57, 237-250 

40 Trowbridge, I.S., Nilsen-Hamilton, M., Hamulton, R.T., 
and Bevan, M.J (1977) Biochem J. 163, 211-217 

41 Bordier, C. (1981) J Biol. Chem. 256, 1604-1607 

42 Sheeler, P. (1981) Centrifugation in Biology and Medical 
Science, p. 26, John Wiley & Sons, New York 

43 Smith, M.H (1968) in CRC Handbook of Biochemistry. 
Selected Data for Molecular Biology (Sober, H.A., ed.), pp. 
C3-C193, Chemical Rubber Co., Cleveland, OH 

44 Merril, C.R., Goldman, D., Sedman, S.A. and Ebert, M.H. 
(1981) Science 211, 1437-1438 

45 Bennett, V. (1985) Annu. Rev. Biochem 54, 273~304 

46 Bourguignon, L.Y.W., Walker, G., Suchard, SJ. and Bal- 
azovich, K.J. (1986) J Cell Biol. 102, 2115-2124 

47 Bourguignon, L.Y.W., Suchard, S.J., and Kalomiris, E.L. 
(1986) J. Cell Biol. 103, 5229-2540. 


Biochimica et Biophysica Acta 896 (1987) 47-51 47 
Elsevier 


BBA 73179 


Divalent cation effects on the binding of human anti-phospholipid antibodies 
F.A. Green and P.B. Costello 


Departments of Medicine and Microbiology, State University of New York at Buffalo and the Veterans Administration 
Medical Center, Buffalo, NY (U.S.A.) 


(Received 15 August 1986) 


Key words: Anti-phospholipid antibody; Cardiohpin; Magnesium ion; Calcium ion; Phospholipid structure 


(1) Anti-phospholipid antibodies from sera of subjects with documented syphilis were measured as a result of 
their individual interactions with cardiolipin, phosphatidylserine and phosphatidic acid, each impregnated in 
nitrocellulose paper from chloroform solution, followed by reaction with a labelled second antibody. Binding 
curves generated by increasing the cardiolipin concentration over a standard area of nitrocellulose paper 
showed saturation. (2) The presence of Ca?* or Mg** during the antibody binding step resulted in a 
complex pattern of binding as a function of the cation concentration. When the extent of binding was 
normalized to percent of maximum bound, virtually superimposible patterns were seen with different sera. 
These patterns were distinctive for both the phospholipid and the cation. (3) The speculation is presented, 
albeit without any direct evidence, that the extent of antibody binding is sensitive to a variety of 
intermediate phospholipid phase structures which may be initiated by the presence of the specific divalent 


cation at a particular concentration. 


Introduction 


The influences of individual phospholipids on 
membrane structure/function, and membrane- 
bound enzyme activity are fundamental biological 
characteristics about which much has yet to be 
learned [1]. Cardiolipin, 1,3-diphosphatidylglyc- 
erol [2], is curious in that it is present in substan- 
tial concentration in mammals only in the inner 
leaf of the mitochondrial membrane [3] where it 
has an important role in cytochrome c oxidase [4] 
and cytochrome P-450,,. activities [5]. Antibodies 
to cardiolipin have been well described in patients 
with syphilis [6] and more recently in patients with 
systemic lupus erythematosus [7] where there could 
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be important clinical correlations [8]. The biologi- 
cal significance of these antibodies is not clear [9] 
and the phospholipid-antibody interactions have 
not been well characterized in molecular terms. 
The traditional method of measuring anti- 
cardiolipin antibodies by flocculation tests ap- 
pears to require other phospholipids and 
cholesterol [10] which may not be central to the 
antigen-antibody interaction. The requirement of 
the test for secondary interactions may be one of 
the reasons for conflicting results of measurements 
based on flocculation to answer questions regard- 
ing the antibody interactions with caridolipin, 
phosphatidylcholine, and cholesterol [9]. There is 
no doubt, however, that the active phospholipid is 
diphosphatidylglycerol and that the synthesized 
phospholipid reacts well in flocculation tests [11]. 
We have previously demonstrated that syphi- 
litic sera contain antibodies to cardiolipin, phos- 
phatidic acid, and phosphatidyl serine [12]. In the 
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present studies we measured specific and repro- 
ducible effects of Ca** and Mg?* on antibody 
binding to phospholipids impregnated in nitrocel- 
lulose paper. The observed binding patterns in the 
presence of the cations showed striking similarity 
using different sources of donor serum and were 
specific to the phospholipid. 


Materials and Methods 


Normal human sera were obtained from the 
Red Cross (Buffalo, NY), and sera from syphilitic 
patients were obtained through the courtesy of the 
Public Health Division of the Erie County 
Laboratories. The latter were defined as sera ex- 
hibiting positive flocculation tests in routine 
screening procedures for syphilis, and positivity in 
two specific tests for spirochetal antigens. Affinity 
purified goat anti-human IgG was obtained from 
Bio-Rad Laboratories (Rockville Center, NY) and 
rabbit anti-human IgG from Jackson ImmunoRe- 
search Laboratories (Avondale, PA). [1-'*C]Acetic 
anhydride (30—40 mCi/mmol) was obtained from 
New England Nuclear (Boston, MA). The purified 
antibody was labelled with ['*C]acetic anhydride 
as previously described [13]. The labelled second 
antibodies from goat and rabbit sources could be 
used interchangeably. Measurement of the specific 
activity of the labelled antibody protein permitted 
the conversion from disintegrations per minute to 
moles of second antibody. The phospholipids were 
obtained from Sigma Chemical Company (St. 
Louis, MO) and from Avanti Polar Lipids (Bir- 
mingham, AL). These were studied for purity in 
two-dimensional thin-layer chromatography as 
previously described [14]. Lipid phosphorus was 
measured with the Barlett technique [15]. 

Cardiolipin (bovine heart), phosphatidylserine 
(bovine brain), and phosphatidic acid (egg yolk) 
were dried separately under ultrapure nitrogen 
and dissolved in chloroform in the specified con- 
centrations. 5-4] aliquots were spotted on circles 
of nitrocellulose paper (Bio-Rad) which had been 
cut into 1-cm diameter membranes. After drying, 
these membranes were then blocked for 1 h in a 
buffer containing 0.05 M Tris (pH 7.4), 0.15 M 
NaCl, 0.05% Tween 20, 0.02% NaN, and 3% gela- 
tin and added cation were indicated. The papers 
were then incubated overnight at room tempera- 


ture with the sera in dilutions of 1:50 to 1: 1000 
in blocking buffer to a final volume of 4.0 ml. The 
papers were then washed three times in the same 
buffer.’ 

The circles were reacted for 1 h with C- 
labelled anti-human IgG, diluted 1 :200 in 20 mM 
phosphate (pH 7.4) containing 150 mM NaCl in a 
final volume of 10 ml. After washing, the circles 
were placed in suitable scintillation media and the 
radioactivity was measured in a Packard 460CD 
scintillation counter. 

The cations were tested in the form of MgCl, 
and CaCl,, EDTA or EGTA at the concentrations 
specified, and were added to the blocking buffer 
during the serum incubation. Membranes with no 
added phospholipid were used for the assessment 
of the non-specific binding of IgG from the pa- 
tients’ serum to nitrocellulose paper. Such binding 
was usually very low, was almost linear in form, 
and was subtracted for most calculations. There 
was negligible binding of the diluted labelled sec- 
ond antibody to the nitrocellulose paper itself and 
to the paper with phospholipid but without hu- 
man serum. 


Results 


Fig. 1 shows binding curves of two individual 
sera from patients with syphilis and two normals. 
The binding of “C-anti-IgG was measured as a 
function of the amount of cardiolipin added. It 
can be seen that the binding curves for syphilitics 
rose fairly steeply to plateau levels at approxi- 
mately 50 nmol of cardiolipin. The measurement 
at zero cardiolipin concentration gave an indica- 
tion of the non-specific binding to nitrocellulose 
paper. Further inspection of these binding curves 
revealed that at the plateau binding level one 
antibody molecule was bound per 8000 molecules 
of antigen. 

In Fig. 2 the binding of labelled anti-IgG was 
measured as a function of the concentration of 
Mg?* added at plateau levels of other reactants. 
Data are shown for cardiolipin and for phos- 
phatidylserine. It is apparent in the case of 
cardiolipin that the binding first decreased slightly, 
exhibited an apparent peak at 1 mM, then a later 
rise. The pattern with phosphatidylserine was quite 
different, showing a broader peak at lower con- 
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Fig 1. Binding curves of two sera from syphilitic subjects 
(open squares, open circles) and two normals (open triangles, 
closed triangles). Cardiolipin ın chloroform in the indicated 
amounts was spotted on 1 cm diameter nitrocellulose papers, 
dned, blocked and 50 pl sera added for overnight incubation. 
After washing, C-labelled goat anti-human IgG was added as 
indicated in Methods. 


centrations of Mg** and clearly no peak at 1 mM. 
The effects of Mg?* on antibody binding to these 
phospholipids was reproducible. For cardiolipin, 
antibody binding peaked at exactly 1.0 mM Mg?* 
in 11 of 15 experiments. For phosphatidylserine, 
binding peaked at 0.75-0.80 mM Mg?* in 4 of 4 
experiments. Binding patterns were otherwise sim- 
ilar for each phospholipid. 

In Fig. 3 the data for Ca?*+ and the same two 
phospholipids are illustrated. There was no in- 
creased binding over the amount measured with 
no added cation and no peak at 1 mM, but a small 


Anti-IgG Bound 
(mot/mot Phospholipid) (x 1074) 


O | 2 3 5 
mM Mg2* Added 


Fig. 2. Effect of Mg** on anti-phospholipid antibody binding 
Extent of anti-human IgG bound using constant serum con- 
centrations (50 ul) from a patient with syphilis, and constant 
phospholipid (100 pmol). Cardiolipin (open circles), phos- 
phatidylserine (open squares), and increasing concentrations of 
added Mg?* during the blocking and human serum incubation 
stages. Otherwise as in Fig. 1. 
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Fig. 3 Effect of Ca** on anti-phosphohpid antibody binding 
Cardiohpin (open squares), phosphatidylserine (open circles) 


one at 1.5 mM. A total of six experiments with 
cardiolipin and Ca?* was done. In each case a 
decrease in binding was evident in the 0.8—0.9 
mM Ca** range. The small peak at 1.5 mM Ca** 
was less consistently seen (2 of 6 experiments). 
For phosphatidylserine the curve was less dramatic 
showing an irregular decrease in the amount of 
binding with increased Ca**+. The same pattern of 
antibody binding was seen in three additional 
experiments with Ca** and phosphatidylserine. 

In Fig. 4, data have been normalized by refer- 
ring the extent of binding to the percent of maxi- 
mum achieved. In these experiments, anti- 
cardiolipin antibody binding was measured in 
three additional individual sera from syphilis pa- 
tients as a function of the concentration of Mg?t 
added. Antibody binding was decreased in the 
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Fig. 4. Effect of Mg** on human antibody binding to 
cardiolipin Binding data for sera from three additional syphi- 
lite subjects are presented, normalized to percent maximum 
bound. 
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Fig 5 Effect of Ca?* on human antibody binding to 
cardiolipin, normalrzed to maximum percent bound Otherwise 
asin Fig 4. 


concentration range of 0.5 to 1.0 mM but a peak 
at lmM was noted which was approximately twice 
the control value. Although the absolute extent of 
binding in these three sera was substantially dif- 
ferent (data not shown) when the data were nor- 
malized the results were remarkably consistent 
with these sera as well as for others not shown. In 
general, there was a 2—4-fold increase in binding 
at 1 mM Mg?* compared to control. Normalized 
data are also shown for Ca** in Fig. 5. In these 
sera there was slightly more variability but it is 
apparent that there was a reduction at just under 1 
mM, no peak at 1 mM but a peak at 1.5 mM or 
higher. There is also either a peak or a shoulder at 
0.6 mM. At higher concentrations of both Ca?* 
and Mg2* (20 mM) there was uniform depression 
of binding to near baseline levels (data not shown). 


Discussion 


In the system used for the present studies all 
syphilitic sera which were examined (more than 
50) showed antibodies to cardiolipin, and most 
also to phosphatidylserine and to phosphatidic 
acid [12]. The latter were found at a lower level of 
binding activity and usually did not reach satura- 
tion under the conditions employed. With increas- 
ing amounts of Ca** and Mg?*, a polyphasic 
pattern of binding was found, one which was 
specific to both the phospholipid and the cation. 


When normalized to percent of maximum binding, 
the patterns were highly reproducible from serum 
to serum. The mechanism of the effect of phos- 
pholipid structural polymorphism on antibody 
binding is not clear. There would seem to be too 
much reproducibility among different serum sam- 
ples for the explanation to simply be limitation of 
antibody access to closed structures. Furthermore, 
in preliminary experiments the hyperbolic (some- 
times sigmoid) binding curves generated as a func- 
tion of increasing serum concentration and with 
added Mg?* (1.0 mM) became flattened in the 
presence of EGTA (1.0 mM). This would indicate 
that the cation had a significant effect on binding 
affinity. This in turn might suggest specific effects 
of phospholipid structural changes on antibody 
binding rather than simply being a function of 
limiting antibody excess. 

Although the stoichiometry between the second 
antibody and the antibody to cardiolipin is not 
known the results are quite similar to what was 
found with “C-labelled protein A [12] where a 
2:1 stoichiometry is known to exist [16]. In any 
case, one antibody molecule is apparently reacting 
with 5000 to 25000 molecules of antigen. This 
observation itself could suggest a structural re- 
quirement, yet marked phospholipid specificity is 
retained. No reactivity was found, for example, 
with phosphatidylcholine or phosphatidylethanol- 
amine. Interaction of hydrated cardiolipin might 
occur with the nitrocellulose paper itself, analo- 
gous to the charge mediated binding of phos- 
pholipids to glass [17]. Such interaction could have 
some effect on the apparently large molar ratio of 
cardiolipin molecules to antibody. 

Extensive investigations have been made of the 
influence of divalent cations on the phase struc- 
tures of phospholipids, including cardiolipin. X-ray 
diffraction [18] and 7!P-NMR techniques [19] have 
been employed to demonstrate that Ca? and 
Mg?+* could induce hexagonal (H,,) structures 
from bilayer phase cardiolipin in model systems. 
In the freeze-fracture system an intermediate phase 
which consisted of ‘inverted’ structures was evi- 
dent [19]. These phase changes were evident in the 
1-3 mM concentration range for Ca** in the case 
of bacterial cardiolipin [20]. The structure of the 
hydrated lipid in the nitrocellulose paper and on 
its surface is not known. Although the present 


studies do not directly address this question, one 
could hypothesize that cation induced inter- 
mediate phase phospholipid structures modulated 
the antibody binding patterns seen in syphilitic 
sera. In data not shown, high levels of divalent 
cation (20 mm) resulted in greatly reduced bind- 
ing, both in the case of Ca?* and Mg?*. Although 
without supporting data, this might suggest that 
the polyphasic binding observed in the region of 1 
mM could be due to the formation and possibly 
disappearence of (different) intermediate struc- 
tures preceding hexagonal phase formation, and 
that this polymorphism greatly effects antibody 
binding. 

Perhaps the most fascinating aspect of these 
studies is repeatibility of the pattern of binding 
with different concentrations of each cation in 
different syphilitic sera. That biological molecules 
in the form of human antibodies to phospholipid 
antigens are so strikingly sensitive to alterations in 
the cation environment opens up interesting possi- 
bilities to probe the structural / functional role of 
cardiolipin. 
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(1) Human antibodies to cardiolipin, phosphatidic acid and phosphatidylserine were assessed by binding to 
nitrocellulose paper and subsequent reaction with an enzyme-linked or radioactively labelled second antibody 
to human IgG. (2) The addition of cholesterol to constant amounts of cardiolipin impregnated in the 
nitrocellulose paper resulted in a profound fall in antibody binding beginning at a 0.5 to 1 molar ratio of 
cholesterol to cardiolipin and stabilizing at about 15% of the original level. (3) Antibody binding to 
phosphatidic acid and phosphatidylserine also showed extensive cholesterol-induced inhibition beginning at a 
slightly lower molar ratio of cholesterol to phospholipid. (4) The structural array of neither the cardiolipin 
alone impregnated in nitrocellulose nor the phospholipid together with cholesterol is known. It is possible 
that the specific cardiolipin phase structure required for human antibody recognition was disrupted by 


cholesterol. 


Introduction 


The structural role of cholesterol in the phos- 
pholipid bilayers of cell membranes is complex 
and affects membrane characteristics in diametri- 
cally opposed ways in different model systems 
[1—4]. A functional role for cholesterol in mem- 
brane adhesion has been recently proposed [5]. 
The physical effects of the interaction of 
cholesterol and cardiolipin in model membranes 
could not be assessed in one spin-label study in 
which such attempts were made [6]. In the case of 
cytochrome P-450,.. cardiolipin appeared to exert 
its specific effect by enhancement of cholesterol 
binding to the enzyme rather than any direct 
interaction with cholesterol [7]. It has been sug- 
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gested that the effect of cholesterol in enhancing 
the flocculation test for anti-cardiolipin antibodies 
in syphilis is related to a spacing role of the sterol 
for the phospholipid [8]. Modulation of the inter- 
action of human antibodies with cardiolipin and 
other acidic phospholipids by cholesterol provides 
an interesting model to examine possible struct- 
ural aspects of cardiolipin—antibody interaction. 


Materials and Methods 


Sera were obtained from individuals with docu- 
mented cases of syphilis through the courtesy of 
the Erie County Health Department, Division of 
Public Health. The fluorescent treponemal anti- 
body absorption test for syphilis was positive in 
each patient and all sera were reactive in the 
venereal disease research laboratory (VDRL) floc- 
culation test. Nitrocellulose paper was purchased 
from Bio-Rad Laboratories (Rockville Center, 
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NY). Affinity purified goat and rabbit anti-human 
IgG were purchased from Jackson ImmunoRe- 
search Laboratories (Avondale, PA). These anti- 
bodies could be used interchangeably. [1- 
14C Acetic anhydride (30—40 mCi/mmol) was ob- 
tained from New England Nuclear (Boston, MA). 
Anti-human IgG peroxidase conjugates and di- 
aminobenzidine were purchased from Sigma 
Chemcial Company (St. Louis, MO). Cardiolipin 
(bovine heart), phosphatidic acid (egg yolk), and 
phosphatidylserine (bovine brain) were obtained 
from Sigma Chemical Company and Avanti Polar 
Lipids (Birmingham, AL) and were checked for 
purity in two-dimensional thin-layer chromatogra- 
phy as previously described [9]. Hydrofluor was 
supplied by National Diagnostics (Somerville, NJ). 


Qualitative anti-phospholipid antibody assessment 

Cardiolipin and cholesterol were dried under 
N,, dissolved inchloroform, and then mixed in 
varying cholesterol: cardiolipin molar ratios. 10 ul 
of each mixture (containing a constant 27 nmol 
cardiolipin) were spotted on nitrocellulose papers 
(3.5 X 8 cm) and dried. The papers were agitated 
in 3% gelatin blocking buffer (50 mM Tris (pH 
7.4), 150 mM NaCl, 1 mM Mg?*, 0.02% NaN,, 
0.1% Tween 20) for 90 min at 25°C. The papers 
were then incubated for 16 h in blocking buffer 
and patient serum (400 ul in a total volume of 20 
ml). The strips were then washed three times in 
blocking buffer for 10 min and were incubated 
with goat anti-human IgG-peroxidase conjugate 
according to the manufacturers instructions, 
1: 1000 in 20 mM sodium phosphate buffer (pH 
7.4), containmg 150 mM sodium chloride (phos- 
phate-buffered saline) at room temperature for 90 
min. The papers were rewashed three times with 
phosphate-buffered saline and color development 
was visualized after addition to diaminobenzidine 
solution (50 mg/100 ml phosphate-buffered saline 
and 0.04% H,0O,). 


Quantitative anti-phospholipid antibody measure- 
ment 

Nitrocellulose papers were cut in 1 cm diameter 
circles and spotted with 10 yi of cholesterol/ 
phospholipid mixtures in the same molar ratios as 
for the qualitative experiments with the cardioli- 
pin concentration held constant at 68.0 nmol. The 
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circles and controls without phospholipid were 
placed in 50 ml conical centrifuge tubes contain- 
ing 4 ml of 3% gelatin blocking buffer and were 
incubated for 1 h in a 33° angled centrifuge rack. 
Syphilitic serum (80 pl) was then added up to a 
final volume of 4.0 ml. The tubes were agitated for 
16 h at 25°C, and the papers were then removed 
and washed three times for 15 min in 50 ml of 
blocking buffer. The circles were subsequently re- 
acted for 1 h with affinity purified goat or rabbit 
t4 C-labelled anti-human IgG, which had been pre- 
pared by reaction with [**C]acetic anhydride as 
previously described [10]. The papers were then 
washed three times, and were counted in a Packard 
Tricarb 460CD scintillation counter after addition 
of 10 ml hydrofluor. The extent of antibody bind- 
ing was plotted as a function of cholesterol: 
cardiolipin molar ratios after subtraction of the 
level of background counts (no phospholipid) for 
each experimental point. This non-specific bind- 
ing was low level. Non-specific binding of the 
labelled second antibody to the paper with and 
without phospholipid but without the human 
serum step was negligible. 


Results 


In the more than 50 syphilitic sera tested, all 
had detectable antibodies to cardiolipin, phos- 
phatidic acid, and phosphatidylserine [11]. In the 
qualitative tests there was no reactivity with phos- 
phatidylcholine (egg or dicaproylphosphatidylcho- 
line), or phosphatidylethanolamine (data not 
shown). Fig. 1 shows the results of two qualitative 
binding experiments in which a syphilitic serum 
was reacted with cardiolipin and phosphatt- 
dylserine respectively with increasing concentra- 
tions of cholesterol impregnated in nitrocellulose 
papers. Inspection of the staining intensity reveals 
that anti-cardiolipin antibody binding began to 
decrease at molar ratios of cholesterol: phos- 
pholipid in the 2.5--5.0 range and was undetecta- 
ble in the 10.0--20.0 range. Anti-phosphatidyl- 
serine binding was suppressed at a lower molar 
ratio. 

Figs. 2-4 show the effects of increasing 
cholesterol: phospholipid molar ratios on quanti- 
tative antibody binding to different phospholipids 
in sera from eight different syphilitic patients. In 
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Fig. 1. Cholesterol-induced suppression of anti-phospholipid 
binding. Nitrocellulose organic blots contained, respectively, 
27 nmol cardiolipin (left panel) and phosphatidylserine (right 
panel) ın 10 yul chloroform, as well as cholesterol at the 
indicated molar ratios. Incubation in serum (1:50 in blocking 
buffer) was followed by washing and incubation in 
peroxidase-linked anti-human IgG. Visualization was accom- 
plished with diaminobenzidine and hydrogen peroxide. 


each case binding is plotted as the amount of 
anti-IgG bound as a function of increasing molar 
ratio of cholesterol to the particular phospholipid 
with the concentration of the latter held constant. 
The results of three separate experiments, in which 
anti-cardiolipin binding was measured in different 
syphilitic sera, are shown in Fig. 2. In each case as 
the ratio increased, binding to cardiolipin began 
to decline at the 0.5-1.0 molar ratio point. Bind- 
ing consistently reached a minimum at a ratio of 
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Fig. 2. Suppression of anti-cardiolipin antibody binding by 
cholesterol Cardiolipin (68 nmol) and increasing cholesterol at 
the indicated molar ratios were spotted on 1 cm nitrocellulose 
circles in 10 ul chloroform followed by incubation with three 
separate sera (80 1, separate symbols) from syphilitic patients 
in 4.0 ml of blocking buffer. After washing the circles were 
incubated with excess '*C-labelled anti-human IgG. 
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Fig. 3 Suppression of anti-phosphatidic acid bindmg by 
cholesterol Details as in Fig. 2 


2.5 and remained relatively constant thereafter at 
approx. 15% of the original level. The results of 
four additional experiments with different sera 
showed the same pattern. 

The effect of cholesterol on binding to phos- 
phatidic acid and phosphatidylserine resulted in 
similar binding inhibition. In the two sera which 
were incubated with cholesterol and phosphatidic 
acid (Fig. 3) the inhibition was in close parallel 
and maximum depression (approx. 90%) were seen 
at molar ratios of 0.5-1.0. A further experiment 
showed a nearly superimposable binding curve 
although the absolute values were lower. Repro- 
ducibility was also seen in the case of binding to 
phosphatidylserine (Fig. 4). In the three syphilitic 
sera tested with this phospholipid, the levels of 
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Fig. 4. Suppression of anti-phosphatidylserine antibody bind- 
ing by cholesterol Details as in Fig. 2. 


anti-IgG binding varied at the control points and 
lower cholesterol concentrations but in each case 
began to diminish above a ratio of 0.5 and reached 
almost 90% inhibition at a ratio of 1.0 where it 
remained. 


Discussion 


Cholesterol is an important component of many 
biological membranes, but its specific role in 
membrane structure/function has yet to be fully 
elucidated [12]. Apparently very little work has 
been done on cardiolipin-cholesterol interactions 
in model systems, perhaps because they tend not 
to be found in substantial concentration together 
in the same membranes [8]. 

The results of the present experiments demon- 
strated that there was consistent inhibition by 
cholesterol of human antibody binding to differ- 
ent phospholipids in sera from different syphilitic 
subjects. Surprisingly, there was impressive uni- 
formity in these sera, both with regard to the 
magnitude of suppression and with regard to the 
molar ratio at which it occurred with each phos- 
pholipid. Overall, anti-cardiolipin binding tended 
to be higher but uniformly began to decline at the 
0.5—1.0 molar ratio range and showed maximum 
depression at 2.5, A similar pattern was evident 
for phosphatidic acid and phosphatidylserine at 
even lower cholesterol: phospholipid ratios. Cho- 
lesterol has been used along with phosphati- 
dylcholine to amplify the flocculation reactions of 
anti-cardiolipin antibodies with cardiolipin in 
syphilis [8], but the molecular basis of the 
cholesterol effect is not clear. The mechanism may 
be unrelated to the interaction of cardiolipin and 
antibody described here. 

Why the quantitative antibody measurement 
with labelled anti-IgG appeared to show inhibi- 
tion of anti-cardiolipin and anti-phosphatidyl- 
serine at a lower molar ratio than the assessment 
by peroxidase-linked anti-IgG is not clear. In any 
case there was consistency in that cholesterol-in- 
duced suppression of anti-phosphatidylserine anti- 
body binding was observed at a lower 
cholesterol: phospholipid ratio than that for anti- 
cardiolipin by both methods. 

Concentration-dependent disruption of mem- 
brane phospholipid and bilayer stability by 
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cholesterol may occur through different mecha- 
nisms [13]. At relatively low cholesterol levels 
site-specific hydrogen bond formation between 
cholesterol and the cardiolipin fatty acid residue 
occurred. At higher cholesterol concentrations 
cardiolipin disruption was thought to take place as 
a result of head group disengagement. In other 
studies mixtures of unsaturated cardiolipin in 
membranes were disrupted by cholesterol as a 
result of assumption of dynamic wedge or cone- 
shaped structures [14,15]. This indirect evidence 
would point to the provisional hypothesis that 
cholesterol-induced changes in the physical array 
of the cardiolipin molecules render the binding of 
anti-cardiolipin antibody molecules unfavorable. 
These effects of cholesterol an anti-phospholipid 
antibody binding are complementary to the ob- 
servations outlined in the companion paper (diva- 
lent cation effects on antibody binding) [16]. The 
disruptive role of cholesterol in a system of bio- 
logical interest may provide another reason for the 
dissimilar membrane distribution of cardiolipin 
and cholesterol. Cholesterol and related sterols 
could be useful as molecular probes for the inter- 
action of cardiolipin with anti-cardiolipin antibod- 
ies. 
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Lateral mobilities of lectin receptors and surface immunoglobulins were measured in plasma membranes of 
hepatocytes prepared by smearing small pieces of rat liver tissue and then using the fluorescence recovery 
after photobleaching (FRAP) technique. Smears were treated with various doses of fluorescein iso- 
thiocyanate (FITC) conjugated concanavalin A (ConA), succinylated ConA (SConA), wheat germ agglutinin 
(WGA), and soybean agglutinin (SBA), as well as with rabbit anti-rat IgG (RARa / IgG) and goat anti-rat 
IgM(Fc) (GARa /IgM(Fc)) antisera. 10 pg/ml ConA and SConA concentrations and a 55 x dilution of the 
GARa /IgM(Fc) antiserum were found to be suitable for measuring the lateral mobilities dependent on age. 
Diffusion constant and mobile fractions of receptor complexes were measured in different age groups of 
female Fisher rats (from 1 to 26 month-old). The FRAP measurements revealed that at least two major 
receptor sites can be distinguished in cell membranes of compact tissue (similar to the cultured and isolated 
cells), forming a mobile and an immobile fraction. The mobile fractions of both the lectin receptors and the 
surface immunoglobulins tended to decrease with age, while the age differences of the diffusion constants 
were not statistically significant. The observed alterations could be due to the covalent crosslinking of the 
mobile receptors to immobile patches and/or to the retardation of free diffusion by the cytoskeleton, 
dependent on age. 


Introduction lines and the spreading of the surface antigens 
observed on the fused heterocaryons [1], the lateral 
mobility of many membrane proteins has been 
clearly established in wide variety of cells. A very 
effective optical technique, fluorescence recovery 
after photobleaching (FRAP), is the most widely 
used method for measuring lateral mobilities in 


Since the redistribution of macromolecules in 
the intramembrane plane was first demonstrated 
by fusing together mouse and human cultured cell 
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both living cells and model systems [2-8]. Atten- 
tion has been focused predominantly on three 
areas: (1) quantitation of the observed mobilities 
in terms of diffusion constant (D) and fractional 
recovery (R) [9-14]; (2) revealing the importance 
of the protein movement in determining the func- 
tional properties of the cell membranes [15-19] 
and (3) gaining insight into factors which control 
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the mobility of membrane components [20--26]. 

Experimental data accumulated for mammalian 
cells showed several common characteristics of the 
lateral diffusion of membrane proteins. The two 
most important observations in plasma membrane 
have been that: (1) the diffusion constant of dif- 
fusible membrane proteins is considerably lower 
than expected theoretically from the hydrody- 
namic model of Saffman and Delbruck [27] and 
also lower than that measured with proteins re- 
constituted into lipid bilayers; (2) the diffusible 
fraction (R) of proteins is generally less than 
100%, and certain proteins are virtually nondif- 
fusible (an exception being rhodopsin in the 
amphibian rod outer segment disk [28]). 

Most of our knowledge of the mobility char- 
acteristics of membrane proteins is derived from 
observations on cultured or isolated cells. How- 
ever, it is important to assess the extent to which 
these results can be extrapolated to parenchymal 
cells of compact tissues, like liver, muscle, nervous 
system, etc. One of the problems that needs to be 
solved in this context is that diffusion measure- 
ments on living cells of compact tissue require 
special preparation methods. By virtue of the find- 
_ings reported in the papers of Zs.-Nagy et al. 
[29,30] we tried to circumvent the preparation 
problem in rat hepatocytes by using exogenous 
markers in smeared liver specimens. 

The present study is concerned with the age 
dependence of the translational movement of 
membrane proteins of rat liver cells. Hepatocytes 
were labeled with concanavalin A (ConA) and 
succinylated concanavalin A (SConA) lectins and 
‘goat.anti-rat _ IgM(Fc) antiserum conjugated with 
fluorescein isothiocyanate (FITC). We chose lectin 
receptors and surface immunoglobulins for our 
first investigation on smeared samples with exoge- 
nous ligands because their properties are well 
characterized in 1solated and cultured cells. It was 
expected that.membrane damage, predominantly 
the accumulation of covalent crosslinks between 
membrane components during aging, would retard 
the diffusion. in the cell membrane. The results 
demonstrate .that under .certain conditions the 
smearing technique can be useful for studies of 
protein mobilities in plasma membrane of cells of 
solid tissues, like the liver. 


Materials and Methods 


General. Female Fisher 344 rats (Japan, Charles 
River Astugi) were maintained in the institute’s 
SPF aging farm on a standard diet (CRF, Orien- 
tal, Tokyo) with free access to acidified water (pH 
2.5—3.0, residual chlorine 10 ppm). Their survival 
and other conditions are described elsewhere [31]. 
The animals were killed by decapitation and 
hepatocytes were prepared from the freshly re- 
moved livers (usually within one minute subse- 
quent to the removal) by smearing small tissue 
pieces between two slides. In order to minimize 
the cell damage during smearing and to standar- 
dize the method we used a preparation procedure 
similar to that described in detail recently [29,30], 
with the exceptions that non-frosted slides were 
used in order to improve the cell recognition, and 
50 um thick plastic tape was used on the smearing 
slide only, to avoid any influence of the tape 
components on the smears. The smears were then 
incubated with the FITC-labeled lectins and im- 
munoconjugates as detailed below. 

Two series of experiments were performed. 
First, four labeled lectins, concanavalin A 
(ConA-FITC), succinyl concanavalin A (SConA- 
FITC), wheat germ agglutinin (WGA-FITC) and 
soybean agglutinin (SBA-FITC) as well two im- 
munoconjugates, FITC-labeled rabbit anti-rat IgG 
(RARa/IgG-FITC) and goat anti-rat IgM(Fc) 
(GARa/IgM(Fc)-FITC) antisera, were applied at 
various concentrations to the incubating solution. 
The purpose of these ‘preliminary’ experiments 
was to establish the optimal label concentrations 
for the measurement of protein mobility depen- 
dent on age. 

In the second series of experiments different 
age groups of female rats (from one to 26 month- 
old) were used as test animals. Lateral mobility of 
membrane proteins of liver cells was measured 
after labeling the cells with ConA-FITC, SConA- 
FITC and GARa/IgM(Fc)-FITC (see below). 

Materials. ConA-FITC and SConA-FITC were 
obtained from Sigma (U.S.A.). WGA-FITC, 
SBA-FITC and RARa/IgG-FITC was from Miles 
Laboratories (Israel). GARa/IgM(Fc)-FITC was 
purchased from Nordic (The Netherlands). 

Incubation and slide preparation. The incubating 
solutions were prepared with Krebs-Ringer bi- 


carbonate buffer (pH 7.4) [32]. The prepared 
smears were covered immediately with a 200 pl 
solution containing the FITC conjugated label 
and incubated for 10 min at 37°C. They were then 
washed intensively with the buffer saline, and wet 
mounted and sealed with paraffin in order to 
avoid drying during the fluorescence recovery ex- 
periments. 

In preliminary experiments the following con- 
centrations were tested: 

ConA-FITC: 5, 10, 20 and 50 ug/ml. 
WGA-FITC: 1, 2, 5 and 10 ug/ml. 

SBA-FITC: 1, 5, 10, 50, 100 and 200 pg/ml. 
RARa/IgG-FITC: 11x, 22x, 55x and 110x dilu- 
tion of the antiserum. 

GARa/IgM(Fc)-FITC: 11x, 22x, 55x and 110x 
dilution of the antiserum. 

In the experiments in which the lateral mobility 
of membrane proteins were measured in relation 
to rat age, 10 ug/ml ConA-FITC and SConA- 
FITC and 55x dilution of the GARa/IgM(Fc)- 
FITC were used, these concentrations having been 
found to be optimal for labeling liver cells. 

Fluorescence recovery after photobleaching. Dif- 
fusion coefficients and recoveries (immobile frac- 
tions) were determined by the FRAP technique 
using the instrument described in detail by Zs.- 
Nagy et al. [29]. Attenuated laser beam (A = 476.5 
nm) from a NEC GLG 3200 argon ion laser was 
focused on the cell membrane through the objec- 
tive (FLPL 40,- NA = 0.75) of a phase 
contrast/epifluorescence microscope. The ap- 
proximately gaussian beam was focused to 1.5 wm 
of its 1/e? radius. A beam splitting system con- 
sisting. of two 10 mm thick optical flats (Melles 
Griot 02 FQD 007 type) which produced an ap- 
proximately 10*-fold attenuation of the full laser 
beam (100-150 mW). The unattenuated beam 
could be turned on and off by means of a shutter 
which allowed bleaching pulses greater than 10 ms 
to be used. 

Approximately 50-60% of the FITC in the 
illuminated area was irreversibly bleached by a 
short (100-200 ms) pulse of the unattenuated 
beam created by opening the shutter. The fluores- 
cence of the bleached spot, as well as the pre- 
bleaching fluorescence were followed with a 
Hamamatsu R649 type photomultiplier operated 
in the photon counting mode at —20°C. Typical 
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Fig. 1. Two typical photobleaching recovery curves. ConA- 
FITC bound to hepatocyte membrane of an old rat (@) and 
GARa/IgM(Fc)-FITC bound to the liver cell membrane of a 
young animal (+) The diffusion constants were 13-1079 
cm?/s and 1.5-1071° cm*/s, respectively. Mobile fractions 
were 43% and 69% 


recovery curves are shown in Fig. 1. Fluorescence 
was measured in a duty circle of 1 s every 4 s. 
Intensity signals were applied to a Hamamatsu C 
1230 type photon counter providing digital data of 
the intensities for the on line NEC PC-9801E 
computer. The data were converted into diffusion 
coefficients and percent recoveries by using the 
calculation procedure described by Yguerabide et 
al. [33]. 

Prepared specimens were examined using the 
microscope’s phase contrast mode. The overall 
fluorescence of the cell membranes could be ob- 
served under epi-illumination using the completely 
defocused laser beam. Monolayered cells showing 
intact morphology and homogeneous fluorescent 
labeling were chosen for measurements. Only a 
single bleach was applied to each of the measured 
cells. .The FRAP measurements started im- 
mediately after the specimen preparation and con- 
tinued for approximately 90-110 min. All the 
measurements were performed at 25~26°C. 


Results 


Concentration dependence of the labeling 

The phase contrast microscopic picture of the 
liver smear showed that mononuclear hepatocytes 
were the predominant form among the morpho- 
logically intact cells. The cells displayed a rela- 
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tively weak labeling with ConA-FITC and 
SConA-FITC. Sufficiently high FITC fluorescence 
intensity for FRAP measurements could be ob- 
tained only with concentrations higher than 5 
pg/ml of the incubating medium. The ConA re- 
ceptors were generally uniformly disiributed 
without any cap-like asymmetrical arrangement. 

Both the diffusion constant and the mobile 
fraction varied depending on the concentration of 
the probe (Fig. 2). The recovery decreased to 
about 20% with ConA concentrations above 20 
ug/ml. Since at concentrations of 5 pg/ml or 
below the intensity was too low to allow an ap- 
propriate measurement, 10 pg/ml ConA-FITC 
and SConA-FITC concentrations of the incubat- 
ing media were chosen for the measurement of the 
lateral mobility of ConA receptor complexes de- 
pendent on age. 

A homogenous, sufficiently intensive labeling 
was obtained with WGA-FITC lectin. Unlike 
smear preparations labeled with the other two 
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Fig 2 Diffusion coefficients (a) of ConA receptors and mobile 
fractions (O) as measured on rat liver cells incubated with 
various doses of ConA-FITC in smear. Concentrations below 5 
pg/ml did not provide appropriate fluorescent labeling. The 
data were obtained from measurements on the number of cells 
indicated in parentheses 


TABLE I 


LATERAL MOBILITY OF ConA RECEPTORS IN THE 
PLASMA MEMBRANE OF HEPATOCYTES 


Labeling with 10 ug/ml ConA-FITC. D and R values are 
presented as means+SE Abbreviations: ANOVA, one-way 
analysis of variance; M.Sqr, mean squares; df, degree of 
freedom (numerator, denominator); n.s , not significant. 


Age of rats ° Diffusion Mobile 
constant (D) fraction (R) 
(107! cm?/s) (%) 
1 month (40) 1.954013 505+1.8 
2 5 months (9) 1.74+0,10 49.8+2.0 
6 months (61) 1.97+0.12 50.4+1.7 
12 months (48) 1.86+0.12 50.3417 
17.5 months (52) 1.68+0 14 453+1.6 
23.5 months (65) 1.66 +0.07 43.7414 
ANOVA: 
M Sqr. between groups: 102.46 440.15 
within groups: 62.79 125.48 
F: 1.632 3 508 
df (num, denom): 5, 299 5, 299 
Significance: n.s. (P > 0.1) P < 0.005 





° In parentheses: number of measured cells. 


TABLE IJ 


LATERAL MOBILITY OF SUCCINYL-CONCANAVALIN 
A BOUND TO HEPATOCYTES IN LIVER SMEAR 


Labeling with 10 pg/ml SConA-FITC. D and R values are 
presented as means+S.E. Abbreviations: ANOVA, one-way 
analysis of variance; M. Sqr, mean squares; df, degree of 
freedom (numerator, denominator). 


Age of rats * Diffusion Mobile 
constant (D) fraction (R) 
(107 '° cm/s) (%) 
1 month (40) 2 4340.17 60.44+2.1 
2.5 months (49) 2,82 + 0.14 61.84 2.0 
4.5 months (18) 2.03 +0.21 58.74 3.8 
6 months (45) 1914011 49.4 4+ 2.0 
7.5 months (51) 204+0.13 56 442.2 
12 months (51) 1.85+0.14 59.2422 
17.5 months (48) 1.80+0.10 §1.1+1.7 
23.5 months (29) 2.0940 13 46.0 +2.5 
ANOVA: 
M. Sqr. between groups: 561.13 1304.83 
within groups: 78.09 202.18 
F: 7.185 6.545 
df (num, denom): 7, 323 7, 323 
Significance: P < 0.005 P < 0.005 


* In parentheses: number of measured cells. 


TABLE III 


LATERAL MOBILITY OF GARa/IgM(Fc)-FITC IM- 
MUNOGLOBULINS BOUND TO HEPATOCYTES IN 
LIVER SMEAR 


D and R values are presented as means+S.E Abbreviations‘ 
ANOVA, one-way analysis of vanance; M.Sqr , mean squares; 
df, degree of freedom (numerator, denominator); n.s, not 
significant 


Age of rats * Diffusion Mobile 
constant ( D) fraction (R) 
(107 !° cm*/s) (%) 
1 month (20) 1.69 + 0.20 67.2425 
2.5 months (15) 1.79 +0.23 62 8+2.3 
17 months (14) 1.91 +0.20 54.8 + 3.0 
26 months (23) 1.44 +0.16 59 0+3.6 
ANOVA: 
M.Sqr. between groups: 107.01 480,33 
within groups: 67.18 173.32 
F' 1.593 2.771 
df (num, denom)' 3,68 3, 68 
Significance, ns (P>01) P < 0.025 


a In parentheses: number of measured cells. 


lectins both the plasma membrane and the cell 
nuclei in.30—40% of the liver cells showed fluores- 
cence after incubation. The percentage of ceils 
showing nucleus fluorescence increased with in- 
cubation time. The fluorescence intensity of nuclei 
exceeded the intensity of plasma membrane. The 
diffusion coefficients and mobile fractions mea- 
sured in the nucleus membrane of these cells were 
found to be significantly lower than those recently 
reported for isolated nuclei by Schindler et al. [34]. 

Since labeling of nuclei membrane can be the 
result of a certain type of plasma membrane 
damage resulting in an increased permeability for 
macromolecules, we did not extensively study 
WGA-FITC. The lateral mobility of WGA recep- 
tors of cell membrane, however, showed a con- 
centration dependence similar to the ConA recep- 
tors. 

When SBA-FITC was used as a cell label no 
measurable fluorescence was obtained even at 
higher incubating concentrations (up to 250 
ug/ml) and longer incubation times (2 h). The 
RARa/IgG-FITC produced a mottled fluores- 
cence pattern on hepatocytes membranes at all 
concentrations (dilutions) of the antiserum which 
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were used. No FRAP measurement was per- 
formed with either the SBA-FITC or RARa/ 
IgG-FITC probes. 

The incubation of liver smears with GARa/ 
IgM(Fc)-FITC resulted in a homogeneous labeling 
of the cell surface. The lateral mobility of the 
fluorescent complexes as well as the mobile frac- 
tion showed a clear concentration dependence. 


Lateral mobility dependent on age 

The diffusion constant as well as the percent 
recovery of ConA receptor complexes labeled with 
ConA-FITC and SConA-FITC and surface im- 
munoglobulins are shown in Table I, II and III, 
respectively. The results indicate, that the diffu- 
sion constants of the ConA and the 
GARa/IgM(Fc) did not change significantly with 
age, although the D of the ConA receptors tended 
to decrease over time. The diffusion constant of 
the SConA was significantly higher in the young 
(1 and 2.5 month-old) animals than in the older. A 
greater difference can be seen among the age- 
groups in the mobile fraction of the receptors. The 
mobile fractions of both lectins and 
GARa/IgM(Fc) were considerably lower in the 
23.5—26 month-old rats than in the young ones. 
The diffusion constants and the mobile fractions 
of the individual cells were scattered over a wide 
range. 


Discussion 


Since increasing ConA doses and longer in- 
cubation times were reported to reduce the diffu- 
sion constant and the mobile fraction [35], we 
used the lowest possible lectin concentrations for 
cell labeling. The lectins showed a relatively weak 
binding to the surface receptors of rat liver cells in 
smears. In our experiments the 10 ug/ml ConA 
(and SConA) concentration was found to be the 
lowest concentration at which a relatively stable 
and measurable green FITC fluorescence could be 
observed. Others have stained hepatocytes with 
both fluorescein and peroxydase labeled lectins 
using lectin concentrations similar to or higher 
than that applied in the present experiments 
[36-38]. 

Photobleaching measurements reported in the 
present study demonstrated that in young (1 and 
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2.5 month-old) animals both the diffusion con- 
stant and the mobile fraction of the lectin recep- 
tors were lower in the plasma membrane of liver 
cells treated with ConA than in the SConA-treated 
cells. This agrees with previous reports demon- 
strating a greater decrease for the tetravalent ConA 
than for its succinylated derivative [35,39]. 

The (1.5-2.8) - 1071° cm?/s values of the diffu- 
sion coefficients of lectin receptors on liver cells 
found in our study are larger than generally mea- 
sured on other cell membranes [2,21,35,40]. On the 
other hand, the present results are comparable 
with the receptor mobilities in normal and virus 
transformed mouse fibroblasts [41] and even higher 
diffusion coefficients were calculated from electro- 
phoretic measurements on embryonic muscle cells 
[42]. Diffusion constants of receptors labeled with 
SConA fell into the same range as that of the 
unfertilized and fertilized mouse eggs [15]. It is 
noteworthy that we obtained relatively low frac- 
tional recoveries: in ConA treated hepatocytes 
40-50%, and in SConA-treated ones 45—60% of 
the receptors was mobile. This may be due to: (1) 
the receptors exist in at least two states on 
hepatocytes, forming a mobile and an immobile 
fraction or (2) lectin labeling itself caused two 
apparently different receptor states. 

Basically, the same conclusion can be drawn 
for the lateral mobility of surface antigens. The 
diffusion coefficient and the mobile fraction of 
both the lectin receptors and surface immuno- 
globulins strongly depended upon the dose of the 
probe, most probably due to the aggregation of 
the receptor complexes. Since ConA is rather te- 
travalent in the circumstances of our labeling pro- 
cedure [43] crosslinking can produce impermeable 
(but fluorescently invisible) patches forming an 
‘archipelago’ on the cell membrane, and conse- 
quently reduce the diffusion coefficient [44]. On 
the other hand, links between originally mobile 
and immobile complexes may reduce the mobile 
fraction. Thus, our results suggest that none of 
ligands used in the present study is ideal for the 
purpose of FRAP measurement, although we could 
obtain some information on the hepatocyte plasma 
membrane that was not accessible up to now. 

In our previous work using autofluorescence 
[30] we observed a significantly linear decrease of 
the diffusion constant of membrane proteins in 


relation to age, and much higher recoveries (> 80% 
even in old rats). The results obtained from the 
present measurement tends to be similar to our 
previous work but the age differences are less 
clear. Discovery of the real causes for the dif- 
ferences between the two studies using exogenous 
and endogenous fluorescent markers awaits future 
work. 

Although the results presented in this paper do 
not offer a final answer to the behavior of the 
surface receptors of liver cells, the acceptable 
agreement with previous experimental results sug- 
gests that the most important properties of the 
receptors are preserved during the smearing and 
the preparation. Moreover, the results indicate the 
utility of the FRAP technique for research on rat 
liver cells. 
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Five lipophilic 21-peptide analogs of the potential-dependent pore-former, alamethicin, were synthesized 
bearing tryptophan residues at the position 1, 6, 11, 16 and 21 on a long, conformationally rigid, a-helix. The 
a-helical conformation was induced and stabilized using the sequential oligomers (Ala-Aib-Ala-Aib-Ala), as 
analyzed by CD and NMR. The partitioning of the N-z-butoxycarbony] 21-peptide methyl esters and the 
N-terminally deprotected a-helices was followed by fluorescence enhancement in phospholipid bilayer 
vesicles. Quenching experiments were performed by titrating with n-doxyl stearic acids bearing the nitroxide 
label at positions 5, 7, 10, 12 and 16. This well-defined system revealed that the N- and C-terminal 
tryptophan residues become situated in the hydrophilic region. Tryptophan at position 11 was found in the 
lipophilic core, whereas the tryptophan at positions 6 and 16 were localized at intermediate depths of the 
lipid membrane. Therefore, the helices span the lipid bilayer with their long axis normal to the membrane 


surface. 


Introduction 


A variety of a helical polypeptides are known 
to form voltage-dependent pores in lipid bilayer 
membranes: alamethicin [1], suzukacillin [2], tri- 
chotoxin A40 [3], and several natural and chem- 
ically modified analogs, a synthetic nonadecapep- 
tide, melittin, and modified analogs [4]. Simple 
analogs of natural helical peptides such as Boc- 
(LAla-Aib-Ala-Aib-Ala),-OMe (n = 1-4) also in- 
duce voltage-dependent, ion-conducting pores, al- 


Abbreviations: Aib (or a), a-aminoisobutyric acid; Boc, t- 
butoxycarbonyl; n-NS, n-doxyl stearic acids (m = 5, 7, 10, 12, 
16). See also Scheme I. 


Correspondence: Dr G. Jung, Institut fir Organische Chemie, 
Universitat Tiibingen, Auf der Morgenstelle 18, D-7400 Tü- 
bingen 1, F.R.G. 


though at higher concentrations than alamethicin 
[5,6]. It has been concluded that a lipophilic, rigid 
and a-helical rod is a sufficient prerequisite for 
the formation of voltage-gated pores. The opening 
and closing of ion-conducting pores has been ex- 
plained by a flip-flop within aggregates of anti- 
parallel and parallel arranged helix dipoles in the 
bilayer [7]. Rigid a-helices may be used also as 
carriers for drugs such as hormones or for the 
presentation of antigens on cell surfaces [8]. 
These applications and the interpretation of 
results in bilayer experiments require a detailed 
knowledge of the behavior and position of the 
helices within the membrane. Recently the 
quenching processes of n-anthroyloxy stearic acids 
and n-doxyl stearic acids in egg-yolk phosphati- 
dylcholine vesicles were investigated [9,10]. On 
this basis we were able to check the transverse 
disposition of helical peptides carrying a 
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tryptophan fluorophore, using the set of n-doxyl 
stearic acids as a gauge within the membrane. In 
order to obtain suitable helices we modified the 
icosapeptide Boc-(L-Ala-Aib-Ala-Aib-Ala),-OMe, 
the pore-forming properties of which had been 
investigated [5,6], by incorporating a tryptophan 
residue at different positions. Thus a set of five 
henicosapeptides resulted with tryptophan at the 
sequence positions 1,6,11,16 and 21. 


Materials and Methods 
Phospholipid vesicles 


Unilamellar vesicles of egg-yolk phosphati- 
dylcholine (Lipid Products, U.K.) were prepared 
as described previously [11,12]. Sonication of the 
liposome suspension was performed with a 
probe-type sonicator (MSE Soniprep 150) for 4 x 
30 s burst, with cooling periods between each 
burst. The final suspension contained 0.1 mM 
phospholipid in 0.1 M Tris-HCl buffer (pH 7.0). 
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n-Doxyl stearates 

Quenching of tryptophan fluorescence was car- 
ried out using n-doxyl stearates (n-NS, n= 
5,7,10,12) purchased from Molecular Probes 
(U.S.A.). 


Peptide syntheses 


The peptides were synthesized by fragment 
condensation as outlined in Fig. 1. Boc-LAla-Aib- 
Ala-Aib-Ala-OH [13], Boc-LAla-Aib-Ala-Aib- 
Ala),-OH and H-(LAla-Aib-Ala-Aib-Ala),-OMe 
HCI (n = 1-4) [14] were the key products for the 
synthesis of the tryptophan helices. The syntheses 
[14], spectroscopic studies [14,15] and dipole mo- 
ments [16] of the helices Boc-(Ala-Aib-Ala-Aib- 
Ala),-OMe (n=1-4) were published elsewhere. 
The identity and purity of the tryptophan-contain- 
ing helices was checked by TLC (detection with 
ninhydrin and chlorine /4,4’-methylenebis( N, N’- 
dimethylaniline) TDM reagent), amino-acid anal- 
ysis (addition of thioglycolic acid to 6 M HCI, 


Boc-W-AaAaA-OMe 1 
| HCH, CH, COOH | NaOH, methanol 


H-W-AaAaA-OMe, HCI 2 
+Boc-(AqdAadA do «OH 


Boc -(AGAGA), -W-A@AaA-OMe 4 


4 HCI, CH COOH 
2 Boc -AaAaA-OH 


Boc -(A®Aa@A), -W-Aa®AGA-OMe 5 


Boc-W-AaAdA-OH 
+ H-(A®AaA),-OMe, HCI 


Boc-W-( AaAGA), -OMe 


6 


Boc-AQAQA-W-OMe Fi . 
| HCI, CHCOOH NaOH , methanol 


H-AgAgA-W-OMe,HC! 8 


Boc-AawAaGA-W-GOH 
| + Boc~(AadAaA), -OH 


Boc -Aa AnA), -W-OMe 9 


1 HCI ‚CH COOH 
2 Boc-AaAacA-OH 


Boc-(AwAaA), ~W-OMe 10 


1 HCI, CH, COOH 
2 Boc-AQA«QA-OH 


Boc-(AQAaA), -W-(Aa Aa A), -OMe 14 





+ H-(AQ AQA), -OMe , HCI 


Boc -AgAqA-W-(AaAqA)h -OMe 13 


H -( AGAGA), -OMe,HCI 


Boc-AwAadA -W-(AgAaA), -OMe 12 


Fig. 1. Scheme of fragment condensations used for the synthesis of five tryptophan-containing a-helical 21-peptides (A, alanine: 
a= a-aminoisobutync acid; Boc = fert-butoxycarbonyl; W, tryptophan) 
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110°C, 18 h), and +H-NMR. Rp values were 
determined on silica-gel plates (Merck, No. 5729) 
with chloroform/ methanol/ acetic acid/ (65:25: 
3:4, v/v). 


Boc-Trp-Ala-Aib-Ala-Aib-Ala-OMe (1) 

At —10°C, a 1 M solution of N,N’-di- 
cyclohexylecarbodiimide in dichloromethane (1.43 
ml, 1.43 mmol) is added to Boc-Trp-OH (402 mg, 
1.32 mmol) and 1-hydroxybenzotriazole (180 mg, 
1.32 mmol) in dimethylformamide (1 ml). After 10 
min at —10°C, N,N’-dicyclohexylurea precipi- 
tates and H-Ala-Aib-Ala-Aib-Ala~-OMe- HCI [13] 
(500 mg, 1.1 mmol) and N-methylmorpholine 
(0.121 ml, 1.1 mmol) in dimethylformamide (3 ml) 
are added. After 1 h at —10°C, 4 h at 0°C, and 
18 h at room temperature acetic acid (50 pl) is 
added and the urea is removed by centrifugation. 
The supernatant is concentrated in vacuo, and the 
dry residue is dissolved in ethyl acetate /1-butanol 
(1:1, v/v) and washed thrice with 5% sodium 
hydrogen carbonate, thrice with 5% potassium hy- 
drogen sulfate and five time with water. After 
drying over sodium sulfate Boc-Trp-Ala-Aib-Ala- 
Aib-Ala-OMe (1) is precipitated by addition of 
light petroleum (b.p. 30~50°C), and chromato- 
graphed on Sephadex LH-20 (column 60 x 2.7 
cm). Yield: 680 mg (88%); Rẹ = 0.81. 


H-Trp-Ala-Aib-Ala-Aitb-Ala-Atb-Ala-OMe -HCI 
(2) 

Hexapeptide 1 (200 mg, 0.285 mmol) is depro- 
tected with 1.2 M HCl/ acetic acid (1.54 ml, 1.85 
mmol) at 5°C. After 10 min the solution is con- 
centrated in vacuo, the dry residue is dissolved in 
methanol and evaporated again. After freeze-dry- 
ing from f-butanol/ water (3:1) the ester is stored 
over potassium hydroxide in vacuo. Yield: 173 mg 
(95%); Rp = 0.86. 


N-Boc-Trp-Ala-Aib-Ala-Aib-Ala-OH (3) 
Hexapeptide 1 (200 mg, 0.285 mmol) is saponi- 
fied in methanol (7.5 ml) and 0.5 M NaOH (1.73 
mil, 0.86 mmol). After 2 h at room temperature the 
solution is neutralized at 0°C, and methanol is 
removed on a rotary evaporator. After acidifica- 
tion to pH 2 and extraction with ethyl acetate 
(five times) the combined extracts are washed 
twice with water, dried over sodium sulfate and 


evaporated in vacuo. The hexapeptide acid 3 is 
chromatographed on Sephadex LH-20 and freeze- 
dried from f¢-butanol/ water (3:1). Yield: 154 mg 
(80%); Rp = 0.42. 


Boc-(Ala-Aib-Ala-Aib-Ala),-Trp-Ala-Aib-Ala-A tb- 
Ala-OMe (4) 

Boc-(Ala-Aib-Ala-Aib-Ala),-OH [14] (150 mg, 
0.17 mmol) is activated at 0°C with 1-hydroxy- 
benzotriazole (23 mg, 0.17 mmol) in dimethyl- 
formamide (1.5 ml) by addition of N,N’-dicyclo- 
hexylcarbodiimide (38.5 mg, 0.19 mmol). After 
precipitation of urea the mixture is warmed up to 
room temperature, and after 15 min the hexapep- 
tide ester hydrochloride (2) (130 mg, 0.2 mmol) 
and N-methylmorpholine (22 pl, 0.2 mmol) in 
dimethylformamide (1 ml) are added. After 18 h, 
acetic acid (50 pl) is added, the urea is removed 
by centrifugation, and the supernatant is con- 
centrated in vacuo. The residue is dissolved in 
dichloromethane and purified as described for 1. 
Yield: 240 mg (95%); Ry = 0.85. 


Boc-(Ala-Aib-Ala-Aib-Ala),-Trp-Ala-Aib-Ala-A ib- 
Ala-OMe (5) 

Hexapeptide 4 (240 mg, 0.165 mmol) is dis- 
solved in 1.22 M HCl/acetic acid (2 ml) and 
concentrated in vacuo after 10 min. After drying 
in a desiccator over potassium hydroxide, the 
peptide ester is dissolved in dimethylformamide (2 
ml) and neutralized with N-methylmorpholine (18 
ul, 0.165 mmol). Boc-Ala-Aib-Ala-Aib-Ala-OH 
[13,14] (166 mg, 0.33 mmol) is activated at 0°C 
with 1-hydroxybenzotriazole (45 mg, 0.33 mmol) 
in dimethylformamide (1.5 ml) and N,WN’-di- 
cyclohexylcarbodiimide (39 mg, 0.19 mmol). After 
precipitation of urea the activated pentapeptide 
acid is added to the solution of the hexadecapep- 
tide ester. After 18 h, acetic acid (50 pl) is added 
and the solvent is evaporated in vacuo. The heni- 
cosapeptide, 5, is purified on Sephadex LH-20 in 
dichloromethane/methanol (11:1, v/v). Further 
purification is achieved on a silica-gel column 
followed again by Sephadex LH-20 chromatogra- 
phy. Yield: 89 mg (30%); Rp = 0.70; m.p. 205°C 
(dec.). 


Boc-Trp-(Ala-Aib-Ala-Aib-Ala),-OMe (6) 
This 21-peptide can be prepared via two differ- 


ent routes. Boc-Trp-OH (28.5 mg, 95 pmol) is 
activated at 0°C with 1-hydroxybenzotriazole (13 
mg, 94 mmol) in dimethylformamide (0.5 ml) and 
N, N’-dicyclohexylcarbodiimide (21 mg, 19 umol). 
After precipitation of urea, the mixture is pipetted 
into a solution of H-(Ala-Aib-Ala-Aib-Ala),- 
OMe: HCl (30 mg, 19 pmol) and N-methylmor- 
pholine (19 ul, 19 pmol) in dimethylformamide/ 
dichloromethane (1:1, v/v; 200 ul). After 4 h the 
icosapeptide ester has disappeared (TLC), and the 
isolation of 6 is performed as described for 5. 
Yield: 10 mg (29%); Ry = 0.70. 

Boc-Trp-Ala-Aib-Ala-Aib-Ala-OH (101 mg, 148 
pmol) is activated at 0°C with 1-hydroxybenzotri- 
azole in dimethylformamide (1.5 ml) and N,N’- 
dicyclohexylcarbodiimide (37 mg, 1.80 pmol). A 
solution of H-(Ala-Aib-Ala-Aib-Ala),-OMe (150 
mg, 123 pmol) and N-methylmorpholine (14 yl, 
123 pmol) in dimethylformamide (1.5 ml) is added. 
After 10 h at room temperature the polypeptide 6 
is isolated as described for 5. Yield: 70 mg (31%); 
Ry = 0.70. 


Boc-Ala-Aib-Ala-Aib-Ala-Trp-OMe (7) 

To Boc-Ala-Aib-Ala-Aib-Ala-OH (575 mg, 1.15 
mmol) and ]-hydroxybenzotriazole (156 mg, 1.15 
mmol) in dimethylformamide (5 ml) is added a 1 
M solution of N,N’-dicyclohexylcarbodiimide in 
dichloromethane (1.26 ml, 1.26 mmol) at 0°C. 
After 30 min (precipitation of urea) H-Trp-OMe - 
HCI (350 mg, 1.38 mmol) and N-methylmorpho- 
line (152 yl, 1.38 mmol) in dimethylformamide is 
added. After 24 h at room temperature the isola- 
tion follows the procedure for 1. The hexapeptide 
7 is purified by gel chromatography on Sephadex 
LH-20. Yield: 565 mg (70%); Rp = 0.90. 


H-Ala-Aib-Ala-Aib-Ala-Trp-OMe - HCl (8) 

Hexapeptide 7 (400 mg, 570 pmol) is depro- 
tected in 1.2 M HCl /acetic acid (3ml, 3.7 mmol) 
at 0°C. After 10 min the solution is concentrated 
in vacuo. The dry residue is dissolved in methanol 
and evaporated again several times, and lyophi- 
lized from t-butanol/ water (3:1, v/v). Yield: 291 
mg (80%); Ry, = 0.45. 


Boc-(Ala-Aib-Ala-Aib-Ala),-Trp-OMe (9) 
Boc-(Ala-Aib-Ala-Aib-Ala),.-OH (176 mg, 197 
pmol) is activated at 0°C with hydroxybenzotri- 
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azole (27 mg, 197 umol) in dimethylformamide 
(1.5 ml) and a 1 M solution of N, N’-dicyclohex- 
ylearbodiimide in dichloromethane (215 pl, 215 
pmol). After precipitation of urea (15 min) a 
solution of hexapeptide ester 8 (105 mg, 164 umol) 
and N-methylmorpholine (17 pl, 164 pmol) in 
dimethylformamide (1 ml) is added. After 15 h the 
hexadecapeptide is isolated according to the pro- 
cedure described for 5. Chromatography on Sep- 
hadex LH-20, silica gel and again Sephadex LH-20 
in methanol yield peptide 9. Yield: 200 mg (83%); 
Ry = 0.85. 


Boc-(Ala-Aib-Ala-Atb-Ala) -Trp-OMe (10) 

Hexapeptide ester 9 (300 mg, 204 pmol) is 
deprotected with 1.2 M HCl/acetic acid at 5°C. 
After 10 min the solution is evaporated and the 
residue is dried over KOH in vacuo for 12 h. The 
ester and N-methylmorpholine (23 ul, 399 pmol) 
are dissolved in dimethylformamide (2 ml) and a 
solution of Boc-Ala-Aib-Ala-Aib-Ala-OH (200 mg, 
399 pmol), preactivated with 1-hydroxybenzotri- 
azole (54 mg, 399 pmol) and 1 M N,N’-di- 
cyclohexylcarbodiimide/ dichloromethane (440 ul, 
440 pmol) in dimethylformamide/ dichloro- 
methane (1:1, 2 ml) is added. Acetic acid (50 pl) 
is added after 18 h and the henicosapeptide 10 is 
isolated as described for 5. Yield: 100 mg (27%); 
Ry = 0.85; m.p. 170°C (dec.).] 


Boc-Ala-Aib-Ala-Aib-Ala-Trp-OH (11) 

Hexapeptide ester 7 (200 mg, 0.28 mmol) was 
saponified in methanol (7.5 ml) with 0.5 M NaOH 
(1.73 ml, 0.86 mmol). After 2 h the hexapeptide 
acid 11 was isolated as described for 3 and chro- 
matographed on silica-gel and Sephadex LH-20 in 
methanol. Yield 170 mg (88%); Rp = 0.42; m.p. 
195°C (dec.). 


Boc-Ala-Aib-Ala-Aib-Ala-Trp-(Ala-Aib-A la-A ib- 
Ala)-OMe (12) 

Hexapeptide acid 11 (113 mg, 164 pmol) in 
dichloromethane (1.5 ml) is activated with 1-hy- 
droxybenzotriazole (22 mg, 164 nmol) and N, N’- 
dicyclohexylcarbodiimide (37.3 mg, 180.5 umol) at 
0°C. After the activation becomes evident (pre- 
cipitation of urea) H-(Ala-Aib-Ala-Aib-Ala),-OMe 
[14] (100 mg, 82 pmol) and N-methylmorpholine 
(9 ul, 82 pmol) in dimethylformamide (1 ml) are 
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added. After 4 h acetic acid (40 pl) is added, the 
solvent is removed and the residue is dissolved in 
dichloromethane. After filtering off the insoluble 
urea, the peptide 12 is chromatographed on Sep- 
hadex LH-20, silical-gel and again on Sephadex 
LH-20 in methanol / dichloromethane (1:1, v/v). 
Yield 150 mg (49%); Rp = 0.78; m.p. 172°C (dec.). 


Boc-Ala-Aib-Ala-Aib-Ala-Trp-(Ala-Aib-A la-Aib- 
Ala),-OMe (13) 

Hexapeptide acid 11 (200 mg, 0.29 mmol) is 
activated with 1-hydroxybenzotriazole (39 mg, 0.29 
mmol) and WN,N’-dicyclohexylcarbodiimide (70 
mg, 0.34 mmol) in dimethylformamide (2 ml) at 
0°C. After 10 min H-(Ala-Aib-Ala-Aib-Ala),- 
OMe - HCI (202 mg, 0.24 mmol) in dimethylform- 
amide (1.5 ml) are added. After 18 h and addition 


of acetic acid (50 yl) the filtrate of the reaction | 


mixture is evaporated and the residue is taken up 
in chloroform and washed with 5% potassium 
hydrogen sulfate and water. Final purification of 
13 is achieved by gel chromatography on Sep- 
hadex LH-20. Yield: 300 mg (84%); Rp = 0.72; 
m.p. 170°C. 


Boc-(Ala-Aib-Ala-Aib-Ala),-Trp-(Ala-Atb-Ala-A ib- 
Ala),-OMe (14) 

Hexapeptide 13 (300 mg, 204 umol) is depro- 
tected in 1.2 M HCl / acetic acid (2 ml, 204 pmol) 
at 0°C. After 10 min the solvent is removed and 
the resulting peptide ester hydrochloride is chro- 
matographed on Sephadex LH-20 in methanol in 
order to remove decomposition products. The main 
fraction (200 mg, 143 pmol, yield 70%) and 
N-methylmorpholine (16 ul, 143 umol) are dis- 
solved in dimethylformamide (1.5 ml). Boc-Ala- 
Aib-Ala-Aib-Ala-OH [13] (143 mg, 285 pmol) is 
activated with 1-hydroxybenzotriazole (39 mg, 285 
pmol) and WN,N’-dicyclohexylcarbodiimide (65 
mg, 314 umol) in dichloromethane and, after 10 
min, is added to the hexadecapeptide ester. After 
5 h acetic acid (50 pl) is added, the solution is 
evaporated and the residue chromatographed on 
Sephadex LH-20, silica-gel, and again on Sep- 
hadex LH-20 in dichloromethane / methanol (1: 1, 
v/v). Yield: 103 mg (49%); R, = 0.70; m.p. 173°C 
(dec.). 


21-Peptide methyl esters with free N-terminus 

After treatment of henicosapeptides 5, 6, 10, 12 
and 14 with HCl /acetic acid for 10 min at 4°C, a 
second set of henicosapeptides is obtained 
possessing free, positively charged N-terminus. 
After lyophilisation from t-butanol these peptides 
are checked by TLC, CD, ultraviolet and fluores- 
cence spectroscopy. 


Analyses of tryptophanyl peptides 

The N-Boc-protected hexapeptides 1, 3, 7 and 8 
were characterized by +H- and C-NMR spectra. 
After acidolytic removal of the ¢-butoxycarbonyl 
group the hexapeptide ester hydrochlorides 2 and 
8 were analyzed by 'H-NMR and found to con- 
tain the intact indolyl ring. On the amino-acid 
analyzer, peak separation of Ala/Aib could not be 
achieved quantitatively (ratio of color factors 
Ala/Aib = 7:1) for the five henicosapeptides. 
Threfore the Ala/Aib and the Trp peaks (addition 
of thioglycolic acid for hydrolysis) were taken for 
the determination of recovery factors. Only Boc- 
Trp-(Ala-Aib-Ala-Aib-Ala),-OMe (6) contained 
larger amounts of silica gel (recovery factor 0.26), 
whereas the other four 21-peptides showed excel- 
lent recovery factors: 1.00(12), 0.98 (14), 0.95(5) 
and 0.95(10). Gas chromatography of the N-pen- 
tafluoropropionylamino acid n-propyl esters of 
the hydrolysate (prepared in the presence of 
2-propanethiol) on a Chirasil-Val capillary column 
gave satisifying results. 

The analyses of all peptides which do not con- 
tain tryptophan are reported elsewhere [13-15]. 


Spectroscopy 


Ultraviolet spectra of the polypeptides were 
measured in ethanol at concentrations from c= 1 
-1077 to c=1-107* mol/l on a Cary ultraviolet 
spectrometer (path-length d= 1 cm; slit-width 1 
nm; temperature 22°C). Circular dichroism spec- 
tra were measured on a CD 195 spectrometer 
(Roussel-Jouan) in methanol (c= 1-107? mol/l; 
temperature 20°C). The intensity of the Cotton 
effects is given in mean residue ellipticities [0],.. 
Epiandosterone in dioxan with [8] = 10.925 deg- 
cm’-dmol7! at 304 nm was used for calibration 
of the spectrometer. Fluorescence spectra of tryp- 
tophan-containing peptides were recorded with a 


Hitachi-Perkin Elmer MPF3 spectrofluorimeter 
using, an excitation wavelength of 290 nm. Peptide 
solutions (c=4-10~° mol/l) were prepared in 
the following solvents: (a) 0.1 M Tris-HCl (pH 
7.0); (b) ethanol; (c) 0.1 mM egg phosphati- 
dylcholine vesicles in 0.1 M Tris-HCl buffer (pH 
7.0). 


Quenching experiments 


Stock solutions (1 mM) of the n-doxyl stearic 
acids (n-NS) were prepared in methanol and their 
relative concentrations measured by ESR. Aliquots 
(6 X 5 pl) were added to 2.5 ml of vesicle suspen- 
sion (0.1 mM phospholipid containing 4 uM 
peptide) in a cuvette, and the fluorescence inten- 
sity was determined at 340 nm. The use of n-NS 
probes to determine the transverse position of 
fluorophore bilayers requires a knowledge of the 
partition coefficients of the quenchers. These were 
determined according to methods published 
elsewhere [9,10]. 


Analysis of peptide partitioning 


The partitioning [17] of the polypeptides into 
the bilayer phase was determined by analysis of 
the enhancement of tryptophan fluorescence that 
occurs during uptake. At a given concentration of 
peptide and membrane, the observed fluorescence 
is determined by the fluorescence of the peptide in 
the membrane (M) and aqueous (A) phases. 


Foos = Fm + Fa (1) 
= Fu f+ Fal- f) (2) 


where f is the fraction of total peptide which is in 
the lipid phase. 


Fos Fa 
E TA 3) 





The concentration of the peptide in the membrane 
([Plm) is given by: 


[PIm = [P]r-f = (P). [ves] (4) 


where [P], is the total concentration of peptide, 
(PY is the number of peptide molecules per ves- 
icle, and [ves] is the concentration of vesicles. The 
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total concentration of peptide is the sum of the 
concentration in each phase: 


[P]r = [Plm + [Pla (5) 
=(P} [ves] +[P]a (6) 


Thus, uptake experiments at a range of vesicle 
concentrations provide data for a plot of Eqn. 6, 
values of (PY and [P|], being determined from the 
slope and intercept, respectively. The concentra- 
tion of peptide in the lipid phase, expressed with 
respect to the volume of the lipid phase becomes: 


[Plu = (P) = Kp [P]a (7) 


where K, is the partition coefficient and V, is the 
volume of 1 mol of vesicles. K, can therefore be 
determined from a plot of (P) versus [P],. Where 
the uptake is determined by binding to prede- 
termined sites on or in the membrane, as well as 
by partition, the ordinate intercept of this plot can 
provide a measure of the number of binding sites 


[9]. 
Results and Discussion 


By conventional peptide fragment condensa- 
tions five a-helices were synthesized (compare Fig. 
1) each containing one tryptophan residue. 
According to the sequence position of the tryp- 
tophan residue the t-butoxycarbonyl-protected 
henicosapeptides (21-peptides) and the corre- 
sponding N-deprotected peptides used in this 
investigation were abbreviated as shown in Scheme 
I. 


Boc-W-(AaAaA) OMe 6 B-21,-OMe 
+H,-W-(AaAaA) OMe }1-21,-OMe 
Boc-AaAaA-W-(AaAaA);-OMe 12 B-21,-OMe 
+ H y-AaAaAd-W-(AaAaA) 3-OMe H-21 6- OMe 
Boc-(AaAaA) 9-W-(AaAaA) 2-OMe 14 B-21, 1-OMe 
+ H.-(AaAaA) o-W-(AaAaA) >-OMe H-21,,-OMe 
Boc-(AaAaA),-W-AaAaA-OMe 5 B-21,.-OMe 
+H,-(AaAaA),-W-AaAwA-OMe H-21,4-OMe 
Boc-(AaAaA) 4-W-OMe 10 B-21 217-0Me 
+H,-(AaAaA) «-W-OMe H-21,,-OMe 


Scheme I. Peptide abbreviations. 
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The conformationally stable a-helical heni- 
cosapeptides with tryptophan in defined positions 
were embedded in liposomes and examined as 
follows: 

(a) Upon excitation at 290 nm the Stokes’ shift of 

the emission band was recorded for the henicosa- 

peptides in solvents of different polarity. 

(b) The partition coefficients in the polypeptides 

were determined from the enhancement of tryp- 

tophan fluorescence according to Eqns. 6 and 7. 

(c) The liposomes were titrated with n-doxyl stearic 

acids (n = 5, 7, 10, 12, 16) to determine the trans- 

verse position of tryptophan residues in the bi- 
layer. 

Using this experimental approach we tried to 
prove that each helix buries its fluorophore at a 
defined depth — the depth which is predicted by 
perpendicular insertion of the helices into the 
membrane. If the fluorescent oligopeptides span 
the bilayer in a helical form, they could be classi- 
fied into three arbitrary groups: 

(1) B/H-21,-OMe and B/H-21,,-OMe would 
have terminal fluorophores near the mem- 
brane surface. 

(2) B/H-21,,-OMe and B/H-21,-OMe would 
have fluorophores located within the lipophilic 
center of the membrane. 

(3) B/H-21,-OMe cannot be classified in an a 
priori way. 

The above classification does not exclude the 
possibility that the polypeptide structures are tilted 
at some angle to the membrane normal. 


Absorption spectra 

The indolyl chromophore of the tryptophan 
residue showed the same wavelengths of absorp- 
tion bands at 274, 282 and 290 nm for all a-helical 
21-peptides (Fig. 2). The intensity ratios of these 
bands were about the same within the series of 
B-21,-OMe, and it was assumed that the molar 
extinctions were independent of the position of 
the tryptophan residue along the a-helix. There- 
fore ultraviolet absorption was taken as a measure 
for the relative concentration within the series of 
B-21,-OMe and H-21,-OMe peptides. Not only 
were almost coincident ultraviolet spectra found 
within these two series, but the maxima of the 
spectra were also very similar to those of N- 
stearoyl-L-tryptophan-n-hexyl ester and 3-methyl- 
indole, 


EMISSION 
ABSORPTION C 


c 


Intensity {arbitrary units] 





250 300 350 400 
A (nm) 


Fig. 2. Solvent dependence of the absorption and emission 
spectra of 21-peptide Boc-(AaAaA),-W-AaAaA-OMe (B- 
21,¢6-OMe, 5) in 0.1 M Tris-HCl (pH 7.0) (A), ethanol (B) and 
0.1 mM phosphatidyicholine (C). 


Circular dichroism 

Obviously the a-helix content is sensitive to the 
position of tryptophan in the polypeptide chain, 
which is documented by the different CD spectra 
of the 21-peptides (Fig. 3). Although aminoiso- 
butyrate peptides may not be appropriate exam- 
ples in this context, it should be emphasized that 
N-terminal tryptophan on helices has a higher 
a-propensity (H, = 1.45) than in other a-helical 
positions (7, = 1.15) [18]. 

Henicosapeptides of B-21,,-OMe and B-21,,- 
OMe have identical ultraviolet absorption, yet have 
different circular dichroic spectra. In methanol, 
higher ellipticities were observed for B-21,-OMe, 
B-21,-OMe and B-21,,-OMe; these peptides have 
ellipticities as found for alamethicin [1] and Boc- 
(Ala-Aib-Ala-Aib-Ala),-OMe. We found earlier 
that the prolongation of the latter pentadecapep- 
tide to the icosapeptide Boc(Ala-Aib-Ala-Aib- 
Ala) ,-OMe reduces the a-helix content from 80% 
to 40% [14]. In the present case of the henicosa- 
peptides B-21,-OMe and B-21,-OMe, the strong 
helix-former tryptophan restores the a-helix to 
80%. It is not clear, however, why tryptophan in 
the C-terminal position in B-21,,-OMe also leads 


O B-21, -OMe 
@ B-21, -OMe 


X B-21, -OMe 


\ 2\00 210 220 
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Fig. 3. Circular dichroism spectra of the five tryptophan containing a-helical 21-peptides (1 mM; ethanol, 20°C). 


to high ellipticities. According to the CD measure- 
ments, the tryptophan residue in the middle of the 
molecule destabilizes the still-dominating a- 
conformation in B-21,,-OMe and B-21,,-OMe. 
The CD spectra of the series are homogeneous 
with respect to the wavelengths of the Cotton 


TABLE I 


effects and their intensity ratios (Table I). The 
maxima of 7,7* transitions are shifted by 2 nm to 
205 nm with respect to the non-tryptophan-con- 
taining icosapeptide, Boc-(Ala-Aib-Ala-Aib-Ala) ,- 
OMe. 


CIRCULAR DICHROISM DATA OF THE TRYPTOPHAN-HELICES B-21,-OMe (METHANOL, 1 mM, 20°C) 


x 1 6 

[920° —18100 — 18320 
[0] —12200 —13 590 
R=[0}?/0|° 0.67 0.74 
% a-Helix 80 81 
Residues in a-Helix 17 17 


11 16 21 
— 14070 — 10250 — 22670 
— 8500 —7190 — 15000 
0.60 0.70 0.66 
62 45 100 


13 9-10 21 
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TABLE Į 


SOLVENT DEPENDENCE OF THE TRYPTOPHAN FLU- 
ORESCENCE MAXIMUM (nm) OF THE 21-PEPTIDE 
HELICES 


In parentheses are given shifts (AA) of the fluorescence maxi- 
mum referred to buffer solution (4A = 0). 


Tris-HCI Ethanol = Phosphatidylcholine 
bilayers 
Boc-21,-OMe 346 338 (—8) 337 (-9) 
H-21,-OMe 352 342 (—10) 348 (-—4) 
Boc-21,-OMe 320 330(+10) 320 (0) 
H-21,-OMe 349 335 (—14) 322 (-—27) 
Boc-21,,-OMe 346 339 (—-7) 324 (-22) 
H-21,,-OMe 352 339 (~13) 338 (-14) 
Boc-21;,-OMe 345 340 (—5) 330(-15) 
H-21,,OMe 350 339 (—11) 332(-18) 
Boc-21,,-OMe = — - 
H-21,,-OMe 350 350 (œQ 345 (-5) 


Fluorescence spectra 

The fluorescence spectra of the helical poly- 
peptide esters 5, 6, 10, 12, 14 (Fig. 1) and their 
N-deprotected esters were recorded in three solvent 
systems: 

(A) aqueous buffer (0.1 M Tris-HCl (pH 7.0)); 
(B) ethanol; 
(C) bilayer vesicles. 

Generally, a blue shift of fluorescence band is 
observed on changing the solvents from A to C 
(Fig. 2), whereas. the ultraviolet band does not 
shift. 

Due to the positively charged N-terminus, the 
series H-21,-OMe is expected to form a larger 
solvent cage than the uncharged series B-21 ,-OMe. 
Thus, according to the Lippert equation, the com- 
pounds H-21,-OMe exhibit a Stokes’ shift which 
is about 5 nm larger than for the compounds 
B-21,-OMe (Table II). Both compounds, B-21,- 
OMe and H-21,-OMe, locate the fluorophore near 
the hydrophilic surface of the membrane, where 
the polarity of the environment is similar to the 
buffer solution, resulting in a minimal Stokes’ 
shift (Fig. 4). 

Similarly, a blue shift of only 5 nm is observed 
for H-21,,-OMe on changing the medium from 
buffer to ethanol to bilayer vesicles. We would 
expect the charged N-terminus to be about 30 A 
from the fluorophore in this helical compound. 





+ H-21, -OMe 


x 3 H- 21, -OMe 


340 


a [pm] 


330 


320 





1 6 41 16 21 
Sequence position of Trp 


Fig. 4. Dependence of the fluorescence emission maximum on 
the position of the tryptophan residue in N-Boc and proto- 
nated 21-peptide helices in 0.1 M Tris-HCl ( ) and in 
liposomes (- - - -) 





Therefore, the induced small blue shift at the 
C-terminal tryptophan must be attributed to 
charge effects of N-termini of neighboring helices 
in antiparallel position. The fact that both N- and 
C-terminal fluorophores are in a polar environ- 
ment leads to the conclusion that the H-21,,-OMe 
helices are inserted perpendicular to the mem- 
brane surface and span the membrane. 

The behavior of B-21,-OMe cannot be ex- 
plained satisfactorily. This compound seems to 
agregate strongly in aqueous solution thus produc- 
ing a lipophilic environment for the fluorophore. 
Except for B-21,-OMe and H-21,,.-OMe, the 
charged and uncharged species behave similarly. 
Obviously the positive charge at the N-terminus of 
the 2l-peptide helices does not influence the 
orientation of the helix or depth of the fluoro- 
phore. This is consistent with the results of bilayer 
experiments, in which the N-terminally charged 
helices induce voltage-dependent, ion-conducting 
pores, but with different pore-state characteristics 
[5,6]. 


TABLE III 


PARTITION COEFFICIENTS (K,) OF THE 
TRYPTOPHAN «-HELICES IN EGG PHOSPHATI- 
DYLCHOLINE BILAYERS 





Peptide K,{cm~*-mol7*] r? 
(x10) 

B-21,-OMe 1390 +0.42 0.89 
B-21,-OMe 0.632 +009 0.97 
B-21,,-OMe 0461 +0.15 0.87 
B-21,¢-OMe 4.570 +0.11 0.99 
Indole 3.340 +1.0 0.95 
Trp-Sta 5.700 +0.6 
H-21,-OMe 1560 +047 0.86 
H-21,-OMe 1.540 +0.23 0.99 
H-21,,-OMe 3690 +050 0.97 
H-21,,-OMe 3490 +0.52 0.97 
H-21,-OMe 8030 +27.6 0.83 





a Correlation coefficient for plot of Eqn 7 ({P], vs. [P] 4) 


Two conclusions may be drawn from the fluo- 
rescence spectra: 
(1) B-21,-OMe and H-21,,-OMe locate their 
terminal tryptophan fluorophores near the hydro- 
philic membrane surface. 
(2) Helices with tryptophan in positions 6, 11 and 
16 locate their fluorophores in the lipophilic, inner 
part of the membrane. 


Fluorescence enhancement 

The mechanism of association of the helical 
polypeptide with the lipid bilayer can be inferred 
from data plotted according to Eqn. 6. When 
partition is the only type of association process, 
such plots are linear and pass through the origin. 
When the association involves both partition and 


TABLE IV 
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binding processes the plots are nonlinear [9]. In 
the present study, these plots were linear and 
intercepted the ordinate axis close to the origin, 
indicating that partition was the dominant mode 
of association. The K, values for the polypeptides 
are summarized in Table II and confirm their 
high lipophilicity. These values are comparable to 
those determined for doxyl stearates in bilayer 
systems [12]. Since the overall lipophilicity of the 
butoxycarbonyl-protected polypeptides is the 
same, the observed difference in K, must be 
attributed to the influence of sequence and con- 
formation. The same is true of differences within 
the deprotected series of polypeptides. 


Quenching of fluorescence 

Table IV summarizes the expected transverse 
positions of the doxyl groups and tryptophan re- 
sidues in the lipid bilayer for the n-NS and H-21,- 
OMe molecules, respectively. After incorporation 
of the polypeptide into the bilayer, the highest 
quenching efficiency should be observed for the 
n-doxyl stearate which places its doxyl moiety 
closest to the tryptophan fluorophore. Quenching 
data are normally presented as a Stern-Volmer 
plot of the quenching efficiency, QE (= I/I- 1) 
versus total quencher concentration, [Q],; J and 
I, being the fluorescence intensities in the pres- 
ence and absence of quencher, respectively. In the 
two-phase system dealt with here the appropriate 
value of [Q] is that pertaining to the lipid phase 
rather than to the total volume. Indeed, the use of 
[Q]; can lead to serious errors [9,10]. Thus, the 
abscissa in Figs. 5 and 6 are scaled in terms of the 
average number of quencher molecules per vesicle 
rather than [Q]+. 


DEPTHS OF THE DOXYL LABELS AND TRYPTOPHAN RESIDUES IN A LIPID BILAYER MEMBRANE 


x= 1 6 
H-21 -OMe d heor = 15 

d obs = 1-5 6-9 
n-NS ° n= 5 

d= 6.25 


d’ = 30.75 28.25 


7 


11 16 21 
165 24 31.5 
15 25 38-33 
10 12 16 
12.5 15 20 
25.5 22 17 


* For n-NS, two values for the depth of a quencher (d and d’) are given, because the carboxy groups are anchored on both polar 
sides of the bilayer membrane (thickness: 37 A) The theoretical depths of a fluorophore was calculated assuming an ideal a-helix 
spanning the membrane, using the relation diheor =1l.5 xn A (n, sequence position of tryptophan residues). d p, are the values 
taken from the modified Stern-Volmer plots for the observed maximal quenching efficiency 
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Peptide H-21,,-OMe 


GE=Ip/I~1 





50 100 150 200 
(Q> 
Fig. 5. Stern-Volmer plot for the quenching of the tryptophan 
fluorophore in H-21,,-OMe by the doxyl stearic acids n-NS 
(n = 5, 7, 10, 12, 16). The quenching efficiency (QE) at (Q) = 
200 normalized with respect to QE(5-NS) gives data for the 
secondary plots shown in Fig, 7. 


H~21, -OMe 


B-21, -OMe 





Q=lo/I-1 


10-NS titrated with B-21% - OMe 





100 200 300 400 500 
(G? 
Fig. 6. Stern-Volmer plots of titration of n-doxyl stearic acıds 
with the five butoxycarbonyl-protected helices B-21,-OMe (x 
=1, 6, 11, 16, 21). 





a[A] 


Fig. 7. Secondary plots of Stern-Volmer quenching data show- 
ing the relative quenching efficiency as a function of the 
transverse position of the quenching (doxyl) group in the 
membrane. The arrows indicate the expected transverse posi- 
tions of the tryptophan residue in the butoxycarbonyl-pro- 
tected (©) and protonated (a) 21-peptide methylesters. 


A comparison of the relative quenching ef- 
ficiency of the five n-NS quenchers can be ob- 
tained by comparing the quenching efficiencies at 
a single value of (Q); e.g. (Q) = 200. The result- 
ing quintuplet of data points (QE, ...QE,) can be 
normalized to the lowest value (QE, ) thus: 


QE, = QE, /QEs (1 =1~-5). 


These normalized values can now be plotted 
against the depth of the quenching moiety (i.e., 
the doxyl group) in the membrane as depicted in 
Fig. 7. Such a plot reflects the transverse or depth 
proximity of the fluorophore to the quenching 
group and therefore indicates the transverse posi- 
tion of the tryptophan residue in the membrane. 
For the individual peptides the following results 
were obtained. 

B/H-21,-OMe (theoretical depth 1.5 A). Pro- 
tected and protonated peptide esters exhibit simi- 
lar behavior. Optimum quenching is achieved by 
5-NS, which places its paramagnetic doxyl group 
at a depth of approx. 6.25 A from the hydrophilic 
surface of the membrane. The influence of the 
quenchers decreases as they are placed deeper in 
the membrane. 

B/H-21,-OMe (theoretical depth 9 A). The 
tryptophan fluorophore is placed within the steep 
gradient of the membrane potential. The quenchers 
5-, 7-, 10-NS whose doxyl groups are centered at 
6.2, 8.7, 12.5 A, respectively, from the surface 
show a stronger effect than 12- and 16-NS, which 
bury the doxyl moiety in the interior of the mem- 


brane. Obviously, the fluorophore is shifted some- . 


what from the theoretical depth towards the 
surface. 

B/H-21,,-OMe (theoretical depth 16.5 A). A 
highly pronounced change in the Stern-Volmer- 
plot can be observed, and charged and uncharged 
helices show similar behavior. Optimum quench- 
ing is now achieved by deeper quenchers (10-, 12-, 
16-NS). Remarkably, 12-NS quenches with high 
efficiency, although it is a poor quencher in other 
cases. Thus, the tryptophan fluorophore is as- 
sumed to be placed approx. 15 A from the bilayer 
surface. 

B/H-21,,-OMe (theoretical depth 24 A ). N-pro- 
tected and deprotected species behave differently 
in this case, although the N-terminus of H-21,,- 
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OMe is bound to the membrane surface by its 
positive charge, the peptide shows similar accessi- 
bility for all quenchers. Optimum quenching ef- 
ficiency is achieved for 10-NS, corresponding to a 
depth of 24.5 A. 

In contrast, the fluorophore of B-21,,-OMe is 
mostly accessible to the outer quenchers 5- and 
7-NS, thus resembling B-21,-OMe. As evaluated 
from its CD-spectrum, B-21,,.-OMe has an a-heli- 
cal content of about 50%. Obviously tryptophan at 
position 16 causes high conformational flexibility, 
and thus this molecule is unlikely to form a rigid 
dipole which spans the membrane. 

B/H-21,,-OMe (theoretical depth 31.5 A). We 
would expect the tryptophan fluorophore of this 
peptide to be placed in the hydrophilic section of 
the membrane, with 5-NS being an optimum 
quencher. The observed Stern-Volmer plot con- 
firms the expected orientation (Fig. 7). 

. Other studies on the fluorescence of ionophores 
in lipid bilayers have been reported. The associa- 
tion of a synthetic N-terminally dansylated nona- 
peptide of emericin with phosphatidylcholine lipo- 
somes has been studied by Nagaraj and Balaram 
[19], and the behavior of N-dansylated 13- and 
17-residue fragments of alamethicin has been 
examined in liposomes and rat liver mitochondria 
[20,21]. The self-association of melittin and its 
binding to lipid vesicles has been investigated by 
using the fluorescence of the intrinsic tryptophan 
residue [22,23]. These studies are noteworthy be- 
cause of some similarities of melittin to alamethi- 


‘cin [4] with respect to a-helical conformation 
{24,25], lytic properties [26], stimulation of mem- 
‘brane-bound enzymes [27], and high dipole mo- 


ment [28]. The recent finding of a naturally occur- 
ring analog of alamethicin named trichorzianine 
Alllc [29] carrying a C-terminal tryptophanol re- 
sidue is most interesting in the light of our studies 
on the 21-peptide helices carrying N- and C-termi- 
nal tryptophan residues. C-terminally dansylated 
alamethicin [30] and trichotoxin [4] have been 
used already in voltage-dependent bilayer experi- 
ments, but not in fluorescence spectroscopic stud- 
ies. 


Conclusion 


Tryptophan residues at the N- or C-terminal 
positions in the peptide are situated in a hydro- 


76 


philic environment near the bilayer surface. For 
H-21,-OMe this is not surprising, as the positive 
charge is situated on the amino group of 
tryptophan itself. The experimental behavior of 
the other synthetic polypeptides proves the origi- 
nal assumption of long helical structures capable 
of spanning the membrane. 

On the other hand, the peptides B/H-21,,-OMe 
would be expected to locate their tryptophan re- 
sidues in the lipophilic interior of the membrane. 
This expectation is borne out by experiment. 

The compounds B/H-21,-OMe and H-21,,- 
OMe locate their fluorophores within the steep 
gradient of the membrne potential. Here small 
deviations from the theoretical depth of the fluo- 
rophores may obscure the differences in quench- 
ing efficiency for the n-doxyl stearic acids, as 
shown in the Stern-Volmer-plots for these com- 
pounds. 
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The conformation and molecular packing of sodium 1,2-dimyristoyl-sn-glycero-phospho-rac-glycerol (DMPG) 
have been determined by single crystal analysis (R = 0.098). The lipid crystallizes in the monoclinic 
spacegroup P2, with the unit cell dimensions a = 10.4, b = 8.5, c= 45.5 A and ĝ = 95.2°. There are two 
independent molecules (A and B) in the asymmetric unit which with respect to configuration and 
conformation of their glycerol headgroup are mirror images. The molecules pack tail to tail in a bilayer 
structure. The phosphoglycerol headgroups have a layer-parallel orientation giving the molecules an L-shape. 
At the bilayer surface the (— ) phosphoglycerol groups are arranged in rows which are separated by rows of 
(+) sodium ions. Laterally the polar groups interact by an extensive network of hydrogen, ionic and’ 
coordination bonds. The packing cross-section per molecule is 44.0 Å?, The hydrocarbon chains are tilted 
(29°) and have opposite inclination in the two bilayer halves. In the chain matrix the chain planes are 
arranged according to a so far unknown hybride packing mode which combines the features of T, and O, 
subcells, The two fatty acid substituted glycerol oxygens have mutually a — synclinal rather than the more 
common + synclinal conformation. The conformation of the diacylglycerol part of molecule A and B is 
distinguished by an axial displacement of the two hydrocarbon chains by four methylene units. This results 
in a reorientation of the glycerol back bone and a change in the conformation and stacking of the 
hydrocarbon chains. In molecule A the -chain is straight and the y-chain is bent while in molecule B the 
chain conformation is reversed. 


Introduction and in the chloroplast membrane of plants [3]. In 


mammalian systems PG occurs in minor amounts 


Phosphatidylglycerol (PG) is an abundant lipid only, notably in lung surfactants [4,5] and in 


in the plasmamembrane of microorganisms [1,2] 


Abbreviations. DMPG, dimyristoylphosphatidylglycerol; 
DPPG, dipalmitoylphosphatidylglycerol; PG, phosphatidyl- 
glycerol; PC, phosphatidylcholine; sc, synclinal ( = gauche); 
ac, anticlinal { = anti-gauche); ap, antiperiplanar (frans-planar) 


Correspondence: Dr. I. Pascher, Department of Structural 
Chemistry, Göteborg University, Box 33031, S-400 33 
Göteborg, Sweden. 


mitochondrial membranes [6], where it can func- 
tion as a precursor of cardiolipin [7]. 

Like other negatively-charged phospholipids, 
PG exhibits a very complex phase behaviour in 
aqueous media. The phase transitions and struct- 
ural organization of PG are affected both by 
temperature, surface pH and concentration of 
monovalent and divalent cations [8-15]. Depend- 
ing on the environmental conditions (proton, ion, 
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TABLE I 
COORDINATES AND EQUIVALENT ISOTROPIC TEMPERATURE FACTORS 


Atomic fractional coordinates and equivalent isotropic temperature factors (X107) for the non-hydrogen atoms of DMPG. 
Og =1/3(01, + U2 = U33 +2*U,5cos B). 











Molecule A 

Atom X Y zZ Deg 

Na (J) 0.1593 (9) 0.4944 (14) 0.0075 (3) 47 (0.7) 
P (1) 00790 (7) 0.1754 (10) 0.0391 (2) 4.1 (0.5) 
oO (ll) 0.1192 (20) 0.1510 (25) 00731 (4) 5.3 (1.3) 
O (12) — 0.0131 (19) 0.3275 (23) 0.0381 (5) 5.0 (1.3) 
oO (13) 0.0049 (17) 0.0226 (23) 0.0298 (5) 6.0 (1.4) 
oO (14) 01883 (16) 0.2313 (25) 0.0226 (5) 5.6 (1 3) 
Cc (11) —0.1521 (26) 0.3090 (39) 0.0417 (8) 5.7 (2.2) 
C (2) — 0 1908 (24) 0.4541 (41) 00598 (7) 4,9 (1.9) 
C (3) — 0.3406 (33) 0.4364 (40) 0.0639 (9) 6.8 (2 3) 
O (15) — 0.1717 (20) 0.6001 (25) 0.0441 (5) 5614 
oO (16) — 0.4172 (18) 0.4488 (28) 0.0379 (5) 5.6 (1.3) 
C (1) 0.2181 (37) 0.2613 (46) 0.0866 (12) 10.6 3 3) 
C (2) 0.3033 (51) 0.1729 (64) 0.1109 (10) 12.2 (3.8) 
C (3) 0 4403 (30) 0.2402 (44) 0.1151 (10) 8.1 (2.5) 
O (21) 0.2324 (22) 0.1610 (35) 0.1382 (6) 8 0 (1.8) 
O (22) 0.3546 (25) — 0.0469 (40) 0.1537 (7) 10.5 (2.3) 
C (21) 0.2740 (45) 0.0474 (59) 0.1573 (10) 8.3 (3 2) 
C (22) 0.1975 (35) 0.0559 (44) 0.1828 (8) 7.0 (2.4) 
C (23) 0.2234 (34) — 0.0644 (57) 0.2067 (9) 9.0 (2 8) 
C (24 0.1434 (37) —0 0569 (65) 0.2330 (9) 10.0 (3.2) 
C (25) 0.1866 (41) —0.1868 (63) 0.2554 (9 10.1 (3.3) 
C (26) 0 1092 (45) — 0.1843 (69) 0.2809 (12) 120 (3 9) 
C (27) 0.1384 (39) —0.3100 (65) 0.3035 (8) 9.8 (3.2) 
C (28) 0.0656 (36) — 0.3090 (63) 0.3311 (10) 10.0 (3.2) 
C (29) 0.0958 (47) — 0.4339 (62) 0:3530 (9) 11.3 (3.6) 
C (210) 0.0239 (48) —0.4350 (69) 0.3791 (10) 12.2 (3 9) 
C (211) 0.0636 (49) — 0.5389 (89) 0.4032 (10) 14.1 (4.5) 
C (212) — 0.0031 (68) — 0.5506 (105) 0.4301 (15) 18.7 (6 4) 
C (213) 0.0224 (67) — 0.6426 (131) 0.4583 (18) 22.0 (8.1) 
C (214) — 0.0490 (79) — 0.6283 (118) 0.4843 (15) 22.0 (8.4) 
O (31) 0.4140 (25) 0.4033 (32) 0.1258 (6) 9.4 (1.9) 
oO (32) 0.6302 (27) 0.4079 (48) 0.1391 (10) 13.7 (2.9) 
C (31) 0.5301 (64) 04729 (66) 0.1389 (10) 11.9 (4.2) 
C (32) 0.4805 (48) 0.6121 (52) 0.1520 (12) 10.6 (3.6) 
C (33) 0 4899 (55) 0.6050 (55) 0.1852 (13) 12.4 (4.2) 
C (34) 0.4372 (38) 0.4922 (54) 0.2000 (9) 7.7 (2.7) 
C (35) 0.4441 (48) 0.4752 (65) 0.2308 (13) 12 2 (4.1) 
C (36) 0.3899 (47) 0.3542 (61) 0.2480 (10) 11.1 (3 6) 
C (37) 0.4051 (45) 0.3496 (69) 0.2802 (11) 11.4 (3.9) 
C (38) 0.3510 (43) 0.2285 (75) 0.2969 (13) $ 11 4 (4.0) 
C (39) 0.3643 (58) 0.2136 (70) 0.3279 (16) 14.5 (5.0) 
C (310) 0.3080 (44) 0.1049 (60) 0.3442 (13) . 10 3 (3.6) 
C (311) 0.3289 (59) 0.0881 (95) 0.3768 (15) 16.2 (5.9) 
C (312) 0.2683 (66) — 0.0047 (95) 0.3954 (14) 16.1 (5.8) 
C (313) 0.2900 (63) — 0.0258 (89) 0.4308 (21) 18.2 (6.7) 
C (314) 0.2200 (90) — 0.1420 (122) 0.4437 (22) 24.2 (9.3) 


Molecule B 
Atom 
Na (2) 
(1) 
(11) 
(12) 
(13) 
(14) 
(11) 
(12) 
(13) 
(15) 
(16) 
(1) 
(2) 
(3) 
(21) 
(22) 
(21) 
(22) 
(23) 
(24) 
(25) 
(26) 
27 
(28) 
(29) 
(210) 
(211) 
(212) 
(213) 
(214) 
(31) 
(32) 
(31) 
(32) 
(33) 
(34) 
(35) 
(36) 
(37) 
(38) 
(39) 
(310) 
(311) 
(312) 
(313) 
(314) 


az 


AAAAAAAAAAAAAAGCOANAAAaAAAAGAAAaAAAAaAAaAASDOanaaOoOoaanaooo0oo 


X 


0.6580 (9) 
0.5778 (7) 
0.6116 (18) 
0.4794 (17) 
0.5097 (16) 
0.6904 (15) 
0 3476 (27) 
0 3104 (27) 
0 1621 (36) 
0 3314 (19) 
0.0839 (19) 
0.6724 (61) 
0.8015 (51) 
0.8018 (44) 
0 8366 (38) 
1 0382 (43) 
0 9583 (89) 
1.0015 (51) 
0.9187 (52) 
0.9712 (41) 
0.9033 (40) 
0.9360 (46) 
0.8649 (46) 
0.9038 (43) 
0.8264 (40) 
0.8629 (50) 
0.7817 (48) 
0.8191 (47) 
0.7429 (63) 
0.7834 (60) 
0.7167 (22) 
0.8714 (33) 
0.7516 (42) 
0 6726 (36) 
07179 (31) 
0.6240 (40) 
0.6719 (38) 
0.5914 (41) 
0 6307 (40) 
0.5444 (45) 
0.5922 (37) 
0.5117 (56) 
0.5535 (45) 
0.4786 (59) 
0.5093 (66) 
0 4268 (73) 


— 0.2258 
~ 0.3761 
— 0.3694 
— 0.5164 
— (0.5219 
— 0.6473 
— 0.6516 
— 0.7640 
— 0.7625 
— 0.8717 
— 0.8884 
— 0.9873 
— 1.0022 
—1.1137 

0 0450 

0.0595 

0.0430 

0.0292 
— 0.0619 
— 0.0865 
— 0.1818 
— 0 2008 
— 0.2914 
— 0.3108 
— 0.4229 
— 0.4450 
—0 5510 
— 0.5684 


(14) 
(-) 

(24) 
(24) 
(24) 
(24) 
(37) 
(47) 
(38) 
(25) 
(24) 
(55) 
(82) 
(56) 
(42) 
(63) 
(71) 
(99) 
(59) 
(61) 
(59) 
(61) 
(69) 
(59) 
(59) 
(67) 
(74) 
(69) 
(90) 
(92) 
(31) 
(58) 
(48) 
(56) 
(51) 
(74) 
(61) 
(69) 
(69) 
(85) 
(68) 
(69) 
(78) 
(91) 


—~ 0.6586 (120) 
— 0.6595 (173) 


Z 


00081 (2) 
0.0390 (2) 
0.0730 (4) 
0.0370 (5) 
0.0296 (4) 
0.0239 (4) 
0.0437 (9) 
00584 (9) 
0.0641 (9) 
00427 (6) 
0.0377 (5) 
0.0918 (9) 
0.1041 (11) 
0.1241 (11) 
0.1228 (9) 
0.1235 (9) 
0.1289 (17) 
0.1472 (13) 
0.1722 (11) 
0.1939 (10) 
0.2205 (13) 
0.2440 (11) 
0.2704 (14) 
0 2939 (10) 
0.3179 (11) 
0.3439 (11) 
0.3667 (13) 
0.3940 (11) 
0.4194 (14) 
0.4421 (13) 
0.1466 (5) 
01824 (7) 
0 1733 (10) 
0.1979 (8) 
0.2239 (8) 
0.2476 (9) 
0.2740 (12) 
0 2977 (10) 
0.3227 (11) 
0.3465 (11) 
0.3723 (12) 
0.3965 (11) 
0.4210 (13) 
0.4448 (12) 
0.4742 (17) 
0.4942 (14) 


Ueq 


4.2 (0.6) 
4.2 (0.4) 
51 (1.2) 
57014) 
4.7(12) 
5.2 (1 2) 
6.1 (2.2) 
7.1 (24) 
7.0 (2.4) 
5.7 (LA) 
4.9 (1.2) 

12.1 (3.8) 

11.1 (4.1) 
9.3 (3.3) 

11.6 (2.8) 

153 (39) 

129 (5.9) 

17.1 (5 8) 

13.1 (4.2) 

10.1 (3 3) 

11.4 (37) 

10.7 (3 6) 

13.7 (4.6) 

10.3 (3.3) 

10.5 (3.3) 

11.6 (4.0) 

13.4 (45) 

12.3 (3.9) 

170 (58) 

17.7(5 9) 
7.8 (17) 

15.4 (3.3) 
8.9 (3.0) 
7.9 (2.7) 
6.9 (2.3) 

111(37) 

10.4 (3 5) 

10 3 (3.5) 

10.8 (3.6) 

13.3 (4.3) 

11.2 (3.7) 

12.7 (4.3) 

12 6 (4.3) 

15.3 (5.0) 

20.0 (7.1) 

25 9 (9.6) 
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and non-electrolyte concentrations) PG was shown 
to form lamellar structures with great variations in 
bilayer thickness [10,12]. This indicates a great 
flexibility in the lateral interactions and packing 
requirements of the phosphoglycerol headgroup at 
the bilayer surface. The hydrocarbon chains 
accommodate to these different molecular cross- 
sections by forming either layer-perpendicular, 
tilted or even interdigitating chain matrices [10, 
12-151. l 

In order to obtain insight in interactions and 
packing properties of PG we have performed a 
X-ray single crystal analysis of sodium 1,2-di- 
myristoyl-sn-glycerol-3-phospho-rac-glycerol. 


Experimental 


Monosodium 1,2-dimyristoyl-sn-glycerol-3- 
phospho-rac-glycerol,(2,3-dimyristoyl-D-glycerol- 
1-phospho-D1-glycerol) DMPG (for numbering 
conventions and configurational notations in 
structural studies of lipids see Ref. 21) was ob- 
tained from Calbiochem (Ca, U.S.A.). 

It is of interest to note that attempts to grow 
crystals of DMPG with natural L (sn-1-P) config- 
uration at the phosphoglycerol headgroup were so 
far unsuccessful, while for the corresponding di- 
asteromeric pair with DL (rac) phosphoglycerol 
headgroups suitable crystals for X-ray analysis 
could be obtained. 

For crystallization the lipid was dissolved (1 
mg/ml) in a solvent mixture of carbon tetrachlo- 
ride/ethanol/water (100:10:0.3, by vol.). The 
crystallization was induced by diffusion of diethyl 
ether vapours into the lipid solution. Thin plate- 
like crystals appeared after several days. 

A crystal with the dimensions 0.35 X 0.35 x 0.02 
mm was used for data collection with an Enraf- 
Nonius CAD4F-11 diffractometer. The angular 
settings of 25 reflections (8° < 8 < 23°) were mea- 
sured to calculate the lattice parameters. Intensity 
data were collected by the 0/20 scan method 
using monochromatized CuK, radiation. Three 
intensity control reflections were measured every 2 
h. At the end of the data collection the intensities 
of these reflections had dropped to about 90% of 
their original values. All reflections were rescaled 
to account for this decay. A total of 5408 indepen- 
dent reflections (1° < 6 < 55°) were recorded and 


of these 1247 reflections with J > 30(J) were con- 
sidered observed. All intensities were corrected for 
Lorentz and polarization effects but not for ab- 
sorption or extinction. 


Crystal data 

Molecular formula C,,H,,O,)NaP, space group 
P2,, unit cell a=10.370(8), b= 8.482(7), c= 
45.52(2) A, B =95.22(4)°, V= 3987 Å, Z=4, 
M. = 688.16, D, = 1.146 g-m~3, (CuK) = 11.2 
em~}, 

The structure was solved by direct methods 
using the programs DIRDIF [16] and MITHRIL 
[17] which provided the non-hydrogen atom posi- 
tions. Refinement was carried out by the full-ma- 
trix least-squares method and anisotropic temper- 
ature factors were applied for the non-hydrogen 
Atoms. Hydrogen atoms connected to carbon 
atoms (except those connected to methyl end 
groups) were included at expected positions and 
were assigned a common isotropic temperature 
factor (5 A”). The hydrogen atom parameters were 
not refined. The refinement was terminated with 
residuals R = 0.098 and R,=0.115. The weight- 
ing scheme used in the later part of the refinement 
was w=1/(1 + ((|Fy,| — 32)/35)7) [18]. The 
form factors used were those given by Cromer and 
Mann [19]. All calculations have been performed 
on a DEC-system-10 computer using mainly the 
X-ray 72 program system [20]. 


Description of the structure 


The coordinates of the non-hydrogen atoms are 
given in Table I. Observed and calculated struc- 
ture factors, anisotropic temperature parameters 
and coordinates of the hydrogen atoms can be 
obtained from the Department of Structural 
Chemistry, Göteborg University. The numbering 
of the atoms and notation of torsion angles is 
shown in Fig. 1. For configurational and confor- 
mational notation used in structural studies of 
glycerophospholipids see Ref. 21. 


Molecular packing 

The DMPG molecules are arranged in a typical 
bilayer structure. The packing pattern and the 
extension of the unit cell is shown in Fig. 2 in 
views along the two short unit cell axes a and b. 
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Fig. 1. Schematic drawing of a DMPG molecule showing atom numbering and notation of torsion angles according to the 
conventions used in conformational studies [21]. 





big. 2. Molecular packing of DMPG in views (a) along the unit cell a-axis and (b) along the b-axis. In the projection (a) DMPG 
molecules A and B overlap (center). For clarity, on the mght side of the bilayer only A molecules and on the left side only B 
molecules are reproduced. 
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The unit cell contains four molecules, two of 
which (A and B) constitute the asymmetric unit 
and are related to the opposite pair by a 2-fold 
screw axis. The two molecules A and B in each 
pair are diastereomers, differing with respect to 
the configuration of their glycerol headgroufs. 
The diacylglycerol moiety has natural D-config- 
uration (sn-3-P) in both molecules while the 
glycerol headgroup has natural -configuration 
(sn-1-P) in molecule A, but D-configuration (sn-3- 
P) in molecule B. The headgroups of molecule A 
and B are mirror images also with respect to their 
conformation (see molecular conformation below). 

The phosphoglycerol headgroups are oriented 
parallel to the bilayer plane forming a rather 
smooth surface. The headgroup layers of two ad- 
jacent bilayers sandwich a layer of sodium ions at 
the bilayer interface. 


LN 
\ EY) 
‘@ 


ee n 


The packing requirement of the layer-parallel 
phosphoglycerol headgroup determines the molec- 
ular packing cross-section in the layer plane (S = 
44.0 A*). The hydrocarbon chains accommodate 
to this headgroup area by adopting a tilt of 29°. 
The chains thereby are inclined both in direction 
of the a- and b-axes. Furthermore, as obvious 
from Fig. 2a the hydrocarbon chains of the two 
bilayer halves have opposite tilt direction. In the 
projection along the b-axis (Fig. 2b) the chains 
appear parallel. 


Chain packing mode 

Laterally the chains pack according to a hitherto 
unknown hybride packing mode. The chain pack- 
ing pattern in a view along the chain axes (c,-axis) 
is shown in Fig. 3. The subcell combines features 
of both triclinic parallel T) and orthorhombic 





Fig. 3. Lateral packing of the hydrocarbon chains of DMPG in a view along the chain axes (c,-axis). The hybrid subcell (solid lines) 
combines features of both T} and O, chain packing modes (broken lines) 


perpendicular O, chain packing modes [22]. The 
packing pattern can be regarded as a variation of 
the hybrid subcells (HS1 and HS2) [22] which 
earlier have been observed in phosphatidyleth- 
anolamine [23] and cerebroside [24]. The hybrid 
subcell of DMPG has the dimensions: 
= 10.1(1) A, b, =7.8(1) A, c, = 2.54(3) A and 

a, = 101(2)°, 8, = 90(1)°, y, = 97(1)°, 

which corresponds to a packing cross-section per 
chain of © =19.2 Å?. The parameters of the T, 
‘sub’-subcell are: a, = 4.4(1) A, b, = 5.4(1) A, - 
= 2.543) A, a,=67(1)°, B= ‘105(1)° , = 
118(2)° and of the distorted O, ‘sub’ Fauna 
a, = 5.0(1) A, b, =7.8(1) A, c, = 2.54(3) A, a, 
83(2)°, B= 84(1)°, Y= 92(1)°. 

As obvious from Figs. 3 and 4 the zigzag planes 
of the two hydrocarbon chains of molecule A are 
oriented at a right angle to each other, while they 
are parallel in molecule B. The hybrid subcell thus 
is constituted of four chains, three with mutually 
parallel chain planes and one perpendicular to the 
others. 
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Molecular conformation 

The conformation of the two DMPG molecules 
A and B is shown in Fig. 4 in projections along 
the unit cell axes a and b. Torsion angles in 
comparison to those of other membrane lipids are 
given in Table II. 

Diacylglycerol part. The diacylglycerol moiety 
displays conformational features that recently have 
been reported for phosphatidyl-N, N-dimethyl- 
ethanolamine [25]. Typical for this conformation 
is that the two fatty acid substituted glycerol 
oxygens O(21) and O(31) have mutually a —sc 
(8,) rather than the well known +sc position 
[21,26] (compare 8, Table II). 

The two DMPG molecules, however, differ with 
respect to orientation of their glycerol back bone 
and their chain stacking. In molecule A the C(2)- 
O(21) glycerol bond points approximately in the 
direction of the layer normal and the C(3)-O(31) 
bond has an almost layer-parallel orientation. The 
adherent -chain is straightly extended while the 
y-chain is bent perpendicularly at carbon atom 
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Fig. 4 Molecular conformation of DMPG molecules A and B in views (a) along the unit cell a-axis and (b) along the b-axis Note the 
difference in the orientation of the diacylglycerol part of molecule A and B and the lateral and axial shift of the B and y chains 


(projection b). 
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TABLE II 
TORSION ANGLES 
For torsion angle notations see Fig. 1. DLPEM,, dilauroylphosphatidyl-N,N-dimethylethanolamine [25], DMPC, dı- 
myristoylphosphatidylcholine [27]; DMPA, dimyristoylphosphatidate [28]. 
bea | My. My aå as a ® 0, ô; 6, Bı B B fa Yı Y2 Y3 Y4 
DMPG A -146 —76 —86 143 180 -66 151 -78 64 —63 159 178 178 —179 164 -—170 110 -57 
DMPGB 116 58 78 —147 -173 67 71 179 45 —58 157 180 -50 -175 122 179 142 174 
DLPEM, 179 65 54 14 -96 176 —66 56 —60 148 173 -57 176 129 —167 166 175 
DMPC 177 —74 ~47 —150 54 168 —80 166 51 120 179 —134 67 102 176 180 180 
DMPA 153 —54 62 -179 62 87 172 164 179 -142 180 -119 = 73 
€(31). This bend is produced by a + ac (y, = 110°) Fig. 5). This changes the orientation of the glycerol 
and —sc (y4 = — 57°) twist about the C(31)-C(32) bonds C(2)-O(21) and C(3)-0(31) form ‘vertical’ 
and C(32)-C(33) bond, respectively. to ‘horizontal’ and vice versa. Thereby the two 
Compared to molecule A the glycerol backbone hydrocarbon chains get axially displaced by four 
of molecule B is turned by approximately 60° (see methylene units. The B-chain becomes bent and 
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Fig. 5. Conformational differences between DMPG molecules A and B can be attributed to an axial displacement of the fatty acid ` 
chains (arrows) and a reorientation of the central diacylglycerol part (dotted atoms). The fatty acids thereby change their 
conformation from straight to bent and vice versa The bonds involved in this conformational change are indicated (rotation arrows). 
The glycerol headgroup has been omitted for clanty 


the y-chain straightens and projects beyond the 
B-chain. As indicated in Fig. 5 and obvious from 
the torsion angles in Table II, the conformation of 
the central part of the diacylglycerol group (dotted 
atoms) is largely unaffected. Changes are confined 
to torsion angles y,, Y3, y, and $, (see Table II). 
Compared to molecule A this leads to a lateral 
shift of the chains (compare Fig. 4b). 

Headgroup conformation. As shown in Figs. 2b 
and 4b the phosphoglycerol headgroup is turned 
away from the diacylglycerol part and extends 
parallel to the bilayer surface. This gives the mole- 
cule an L-shape. As mentioned above the head- 
groups of molecule A and B are mirror images 
both with respect to configuration and conforma- 
tion. The a-torsion angles (Table II) of the 
headgroups of molecule A and B thus are practi- 
cally identical but of opposite direction. Note, 
however, that molecules A and B are not related 
by any crystallographic symmetry and thus this 
mirror image conformation is not perfect. 

At the glycerol bond C(1)-CQ) the pseudo mir- 
ror symmetry is discontinued. The torsion angles 
about this bond (@,/@,) are ap/— sc and +sc/ap 
in molecule A and B, respectively. 

The three oxygens of the glycerol headgroup 
O12), O(15) and O(16) have mutually (a,/a,) 
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+sc/ + sc (molecule A) or ~sc/—sc conforma- 
tion (molecule B). The two unsubstituted glycerol 
oxygens are oriented towards the layer interface 
and are involved in hydrogen bonds and coordina- 
tion bonds (see below). 


Polar group packing and interactions 

Fig. 6 shows the arrangement and interactions 
of the phosphoglycerol headgroups in views paral- 
lel and perpendicular to the bilayer interface. The 
sodium ions form a layer that is sandwiched by 
phosphoglycerol groups of adjacent bilayers. The 
sodium ions are placed +0.3 A and the phosphate 
groups +1.8 A from the bilayer interface. As it 
can be seen in the projection onto the layer plane 
(Fig. 6b) the (+) and (—) charges are not distrib- 
uted uniformly at the bilayer surface. The (+) 
sodium ions as well as the (—) phosphate groups 
are aligned in zigzag rows extending in a-direc- 
tion. In b-direction rows of phosphate groups 
alternate with rows of sodium ions. 

The glycerol groups project alternatingly to the 
left and to the right from the phosphate rows. 
Laterally, the headgroups interact by an extensive 
network of hydrogen bonds, ionic bonds and co- 
ordination bonds. 

A sequence of two hydrogen bonds (2.8 and 2.7 


Fig 6. Packing and interactions of the phosphoglycerol headgroups of DMPG viewed (a) parallel and (b) perpendicular to the bilayer 
interface Hydrogen bonds (dotted lines) and ionic and coordination bonds (borken lines) are indicated. The contact distances are 
given in 
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A) starts at the glycerol hydroxyl oxygen O(15) of 
molecule A. The bonds are directed via hydroxyl 
oxygen O(16) of molecule B and terminated at a 
phosphate oxygen O(14) of another A molecule. A 
corresponding sequence of bonds, but with oppo- 
site Orientation in the bilayer plane, runs between 
molecules B—A—B. 

The sodium ions form bond contacts both 
laterally and across the bilayer interface. Each 
sodium ion is coordinated by six oxygen atoms. 
Three of these contacts are formed with un- 
substituted (—) charged phosphate oxygens and 
have the character of short ionic bonds (< 2.40 
A). The other three contacts are established with 
formally neutral oxygens (one esterfied phosphate 
oxygen O(12) and two unsubstituted glycerol 
oxygens O(15), O(16)) and may be considered as 
co-ordination bonds. The Na*---O contact dis- 
tance of these three latter bonds is somewhat 
longer (2.40-2.76 A) than those of the ionic bonds. 
Differences in bond lengths appear to reflect the 
degree of negative polarisation of the oxygen 
atoms. The rather short coordination bond be- 
tween Na*---O(15) thus might be due to the fact, 
that this hydroxyl oxygen serves as a proton dona- 
tor only and becomes more polarized than O(16) 
which acts both as a donor and acceptor. 


Discussion and Conclusions 


The present crystal analysis provides important 
information on the structural organization of 
DMPG and of membrane lipids in general. In 
particular with respect to conformation of the 
hydrophobic diacylglycerol moiety, the chain 
packing mode and the headgroup packing the 
DMPG structure reveals a variety of new interest- 
ing features. Moreover the structural parameters 
of DMPG closely resemble the parameters re- 
corded for the gel phase of DPPG indicating that 
the structure observed in crystals is largely pre- 
served on hydration. 


Preferred conformations 

Regarding the conformation of the diacyl- 
glycerol part, the DMPG structure now confirms 
earlier observations, that the fatty acid carrying 
glycerol oxygens O(21) and O(31) can mutually 
adopt both a +sc and a —sc conformation about 


the C(2)-C(3) glycerol bond (torsion angle @,) 
[21,25,26]. The 8, = +sc conformation is the most 
predominant one and has been found in a great 
number of crystal structures of both double chain 
[23,26—28] and single chain (lyso)glycerophospho- 
lipids [29—31]. 

The = —sc conformation has so far only 
been observed in three glycerolipids, in di- 
lauroylphosphatidyldimethylethanolamine [25], in 
diacylglycero-p-toluenesulphonate (a model lipid) 
[32] and now in DMPG. 

Moreover, for lipids with the 8, = +sc con- 
firmation it could be shown that the glycerol back 
bone can change its orientation towards the bi- 
layer plane from layer perpendicular to layer- 
parallel and vice versa by an axial displacement of 
the hydrocarbon chains [25,31]. The present 
DMPG structure shows that a similar axial dis- 
placement of the hydrocarbon chains and a re- 
orientation of the glycerol back bone also occurs 
for the lipids with the 8, = —sc conformation. 
Thus we can now distinguish four minimum en- 
ergy conformations for the diacylglycerol group 
which arise from two simple motions of the hydro- 
carbon chains: 

(1) an axial + 120° rotation of the hydrocarbon 
chain about the C(2)-C(3) glycerol bond giving 
rise to the +sc and —sc conformation of the two 
fatty acid carrying glycerol oxygens [25] and 

(2) an axial displacement of the chains produc- 
ing a reorientation of the glycerol back bone and a 
shift of the chain bend from the -fatty acid to the 
y-fatty acid and vice versa (compare Fig. 5 and 
Ref. 28). 

According to NMR-studies these kind of rota- 
tional and translational motions of the chains are 
actually the fundamental motions that occur in 
the diacylglycerol part in the liquid-crystalline state 
[33] and the described minimum energy conforma- 
tions co-exist in the bilayer in a dynamic equi- 
librium (Ref. 34, and Hauser, Pascher and Sundell, 
unpublished data). 


Hybride subcells 

With regard to the lateral chain packing, the 
subcell of DMPG (Fig. 3) and other complex 
membrane lipids [23,24] show that simple packing 
modes, such as O, , M, and T, [22] can combine 
to a variety of hybride packing modes. These 


hybride packing modes have to be considered as 
intermediate states between the well-ordered, sim- 
ple chain packing modes and ‘the less ordered 
hexagonal chain matrix [35]. 

The great variability of the chain packing modes 
apparently can give rise to statistical disorder in 
the chain matrices of multilamellar lipid crystals 
and thus lead to complications in the solution of 
single crystal structures. Furthermore, these hy- 
bride packings obstruct the interpretation of the 
chain arrangement from high-angle reflexions 
(short spacings) of X-ray powder diffractions and 
from infrared and Raman spectra. Little or no 
information is at present available on the interpre- 
tation of hybrid packing modes by the above 
mentioned techniques. 


Lateral packing of the headgroup 

The packing pattern of the phosphoglycerol 
headgroup (Fig. 6) displays far reaching similari- 
ties with that of the phosphocholine headgroup 
[21]. In both headgroup arrangements the (—) 
phosphate groups and the (+) sodium ions or 
choline groups, respectively are aligned in separate 
rows. Similarly to the glycerol groups the choline 
groups extend to the left and right from these 
phosphate rows. 

There is however a significant dissimilarity. The 
phosphate groups of PC are linked to rows by 
water molecules of hydration. In PG there is no 
such direct interactions. A contact between the 
phosphate groups is mediated by the distal 
glycerol-hydroxyl group O(16).’ Nevertheless the 
phosphate-phosphate distances and packing ge- 
ometry is almost identical. In the PC pattern the 
distance between the phosphate rows (b-axis) is 1 
A longer than in the PG structure. This difference 
is due to the longer ionic bond contacts between 


TABLE MI 
STRUCTURAL PARAMETERS 


Comparison of structural parameters of DPPG in the gel phase 
at pH 8 [10] and in the anhydrous crystal phase (calculated 
from the DMPG structure). 


dÅ) SÅ) (°) Vi(ml-g7!) 


DPPG gel phase 51.1 48.0 32 1.01 
DPPG crystal phase 50.0 440 29 0.889 
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the phosphate group and the bulky quarternary 
ammonium groups (3.7 A) compared to the phos- 
phate-sodium contacts (2.4 A). 


Ressemblance of the PG crystal structure and the gel 
phase 

From X-ray diffraction studies of aqueous dis- 
persions of DPPG, Watts et al. [10] have calcu- 
lated the bilayer-thickness d,, molecular area S, 
chain tilt @ and partial specific volume V, of the 
gel phase at pH 8 (see Table III). Based on the 
crystal structure of DMPG and with consideration 
of the increased chain length of the dipalmitoyl 
homologue the corresponding structural parame- 
ters for the anhydrous crystal phase of DPPG can 
be calculated. As shown in Table III the main 
difference between gel and crystal phase concerns 
the partial specific volume. The value V, =1.01 
ml-g~! recorded for the gel state no doubt, ap- 
pears to be very large compared to that of the 
crystal phase V, = 0.889 ml - g~?. 

The determination of V, in aqueous disper- 
sions, however, is a rather troublesome task. Any 
error in V, also affects the value of the molecular 
area and of the chain tilt. Assuming that V, is 0.91 
instead of 1.01 ml - g7}, the molecular area of the 
gel phase is reduced from 48 to 44 A2, the packing 
cross-section of the crystal phase. The minor dif- 
ference in bilayer thickness then can be attributed 
to the less effective chain packing and thus to a 
diminished chain tilt (25° instead of 29°). 

Regardless of possible experimental errors the 
structural parameters of the gel phase and the 
crystal phase are similar to an extent indicating 
that the structural features observed in the 
anhydrous crystal are largely preserved also in the 
hydrated gel state. 
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The rate of incorporation of oleic acid into isolated brush-border membranes was found to be considerably 
faster than methy] oleate incorporation under similar experimental conditions. The effects of fatty acids and 
methyl oleate incorporation on Ca?* uptake and fluidity were monitored. Whereas treatment with 0.01-0.05 
mM oleic acid corresponding to incorporations smaller than 90 nmol / mg protein enhanced Ca’** transport, 
exposures to higher concentrations of this fatty acid corresponding to incorporations larger than 150 
nmol /mg protein, decreased uptake of this cation. On the other hand, treatment with 0.01—0.2 mM methyl 
oleate corresponding to incorporations of up to 220 nmol /mg protein had only a stimulatory effect on the 
Ca*+ uptake. Oleic acid, linoleic acid and methyl oleate decreased the fluorescence anisotropy of mem- 
branes labelled with diphenylhexatriene in a dose-dependent manner. In contrast, palmitic acid had little or 
no effect on the diphenylhexatriene-reportable order of the membrane within the range of concentrations 
used. Monitored as a function of temperature, the anisotropy values showed a gradual melting for both the 
control and lipid-treated membranes. The results support the concept that saturated and cis-unsaturated fatty 
acids dissolve in different lipid domains and this in itself appears to be an important factor defining whether 
the biological function of the membrane is affected by the uptake. Incorporation of cis-unsaturated fatty 
acids in domains harboring the Ca?* uptake process increases Ca** uptake in concert with increased 
diphenylhexatriene-monitored fluidity. However, when concentrations of such fatty acids in these domains 
become sufficiently great, the presence of a largely increased number of free carboxyl groups at the 
membrane surface causes inhibition of Ca”* uptake. 


Introduction such incorporations would be expected to change 
some of the biological properties of the mem- 


Previous reports have indicated that brush- branes. Accordingly it was shown that the rate of 


border membranes isolated from rabbit small in- 
testine can incorporate a variety of lipids in vitro 
including phospholipids, fatty acids and cholester- 
ol [1-4]. Compositional changes brought about by 
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Ca** uptake was stimulated by treatment of the 
membranes with low concentrations of cis-un- 
saturated fatty acids (0.05 mM) as well as with 
various concentrations of caprylic acid (0.10—3.00 
mM) and inhibited by treatment with higher con- 
centrations of cis-unsaturated fatty acids (0.10- 
0.60 mM). Saturated fatty acids had no marked 
effects on Ca?* uptake and glucose and fructose 
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transports were unaffected by any of these incor- 
porations [5]. 

The dual effects of unsaturated fatty acids on 
Ca?* uptake could not be easily explained al- 
though it was suggested that the extent of fluidiza- 
tion of the membrane may be an important factor 
in determining whether stimulation or inhibition 
ensues. In the present report we compare the 
effects of fatty acids and methyl oleate on the 
fluidity of the membrane as determined by changes 
in anisotropy using membrane preparations 
labelled with diphenylhexatriene (DPH). We also 
compare the effects of oleic acid and methyl oleate 
on the rate of Ca?* uptake. 


Materials and Methods 


[1-'*C]Oleic acid and tri[1-'*C]oleoyl glycerol 
were purchased from New England Nuclear Corp. 
(Boston) and diluted to required specific activity. 
Methyl [1-'4Cloleate was formed by alkaline 
methanolysis of tri{‘*C]oleoylglycerol [6] and 
purified by thin-layer chromatography on silica 
gel G plates prepared with 0.4 M boric acid using 
petroleum ether (b.p. 60—80° C) /ethyl ether /acetic 
acid (90:10:1, v/v) as solvent [7]. 

Uptake of fatty acids and methyl oleate, Un- 
labelled or (1-'*C)-labelled fatty acids as well as 
methyl [1-'*C]oleate were dissolved together with 
sodium taurocholate in chloroform/ethanol (1:1, 
v/v). The solvent was removed by evaporation in 
vacuo and the residue was suspended in 10 mM 
Hepes-Tris buffer (pH 7.5), containing 100 mM 
mannitol. After shaking at room temperature for 
15 min, the suspension was sonicated twice for 2 
min with the small probe of an Ultrasonics sonica- 
tor at a setting of 5. In the case of palmitic acid, 
the large probe was used instead at a setting of 11. 
Suspensions that were not completely clear were 
clarified by centrifugation at 10’ g- min. 

The term, uptake, used-in the present report is 
meant to signify an intercalation of fatty acids 
within the core of the membrane as opposed to 
adsorption or loose association at the surface of 
the membrane. The evidence supporting this was 
presented in previous reports [4,5] although the 
possibility of some adsorption cannot be com- 
pletely precluded. Lipid extraction of the mem- 
branes followed by thin-layer chromatographic 


analyses of the extract indicated that no signifi- 
cant conversion to more complex lipids occurred 
and essentially all of the incorporated lipid was 
recovered as free fatty acid. 

Brush-border membranes were prepared [8] and 
checked for purity by electron microscopy and by 
assay of marker enzymes [9]. For lipid uptake 
studies, mixtures consisting of membranes (300 ug 
protein/ml) and various concentrations of micel- 
lized fatty acid or methyloleate, as specified in the 
text, were incubated at 25°C for 10 min in the 
case of fatty acids and up to 4 h in the case of 
methyl oleate. The final taurocholate concentra- 
tion was 7.2 mM in all cases except for palmitate 
which required 10 mM bile salt. After the incuba- 
tion, the membranes were centrifugated at 40000 
x g for 30 min and the pellet was washed with 1 
incubation volume of Hepes-Tris, mannitol buffer. 
The washed pellet was either counted to estimate 
the amount of lipid incorporated [5] or resus- 
pended in buffer for further experimentation in- 
volving measurements of Ca?* uptake or of fluo- 
rescence anisotropy. Protein concentrations were 
determined by the method of Lowry et al. [10]. 

Ca** uptake. The procedure followed was that 
of Miller and Bronner [11]. Briefly, the uptake was 
initiated by addition of 10 pl of brush-border 
membrane vesicles (30 ug protein) to 25 pl of 
“CaCl,, 0.36 mM final concentration. Incuba- 
tions were at 25°C and terminated after 5 min by 
addition of 40 vol. of ice-cold stop solution con- 
taining 10 mM Hepes /Tris buffer (pH 7.5), 5 mM 
EDTA, 20 uM LaCl, and 100 mM mannitol. The 
suspension was then filtered through a 0.45 um 
nitrocellulose filter which was then washed twice 
with 2.5 ml of ice-cold stop solution, air-dried and 
transferred to counting vials containing PCS 
(Amersham International) /toluene (1:1, v/v) and 
counted. The rate of uptake under these condi- 
tions was linear for at least 5 min [5] and reflected 
a transport process similar to one described earlier 
[11]. 

Spectroscopic measurements. To 2.5 ml of 
brush-border membranes, (0.16 mg protein/ml) 
10 pl of 1 -1074 M diphenylhexatriene in tetrahy- 
drofuran (spectroscopic grade) were added to give 
a probe: phosphoacylglycerol ratio of 1: 100. After 
thorough mixing with a Vortex shaker and incuba- 
tion at room temperature for 30 min, at which 


time little or no odor of tetrahydrofuran could be 
detected, the suspension was transferred to a 1 cm 
quartz cell im which mixing was continued by 
means of a small teflon stir bar. Steady-state 
anisotropy measurements were made with a Per- 
kin-Elmer spectrofluorimeter, model MPF-44A 
equipped with a DCSU-2 corrected spectra unit 
and interfaced with an analog-to-digital converter 
and a Commodore PET computer. The sample 
temperature was increased from 0°C at a rate of 
approx. 1 K/min. Excitation and emission wave- 
lengths were 350 nm and 430 nm and excitation 
and emission bandpasses weré 5 nm and 10 nm, 
respectively. Corrections for background fluores- 
cence and light scattering were made with blanks 
containing brush-border membranes and no probe. 

Absorbance measurements were conducted with 
a Varian, Model Cary-219 double beam spectro- 
photometer equipped with temperature control. 

Anisotropy (7) was calculated from the fluores- 
cence intensities measured parallel and perpendic- 
ular to the plane of the light of excitation accord- 
ing to the following equation: 


Į uo I i (G) 
Ty +21, (G) 
where g= HV/HH, a correction factor for the 
anisotropy of the instrument [12]. 

Total lipids were extracted from microvillus 
membranes by the method of Bligh and Dyer [13]. 
For preparation of the sonicated dispersions of 
lipids (liposomes), the dried, extracted lipid was 
suspended in 100 mM mannitol 10 mM Hepes-Tris 
buffer (pH 7.5) to a final concentration corre- 
sponding to the studies of the intact vesicles. The 
mixture was sonicated twice with the small probe 
of an Ultrasonics sonicator at a setting of 5 for 2 
min under N, at 25°C. The resulting solutions 
were clear and were used as such for anisotropy 
studies. 


Results 


Results illustrated in Fig. 1 indicate that the 
incorporation of oleic acid into brush-border 
vesicles is very rapid, equilibrium being attained 
immediately. As reported earlier, attempts to re- 
duce this rate by modifying the incubation condi- 
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Fig 1. Time-course of oleic acid (O) and methyl oleate (@) 
incorporation into brush-border membranes. The incubation 
mixture contained in 1 ml, 0.3 mg membrane protein, 7.2 mM 
taurocholate, 0.10-0.11 mM hp:d, 100 mM mannitol and 10 


* mM Hepes-Tnis buffer (pH 7.5). Incubations were maintained 


at 25°C for the times indicated. The values are averages of 3—6 
determinations giving vanations <3% and are representative 
of several other experuments performed under similar condi- 
tions with different animals 


tions and sample processing conditions within 
practical limits were unsuccessful [4]. On the other 
hand, the incorporation of methyl oleate pro- 
ceeded at a much slower rate equilibrium being 
attained after 2 h. It can be noticed that even with 
methyl oleate, incorporation continues to some 
extent during processing which extends over a 30 
min period corresponding to the time required to 
pellet the membranes by centrifugation. Some 
incorporation is consequently seen at zero time. 

Results shown in Table I compare the effects of 
increasing concentrations of oleic acid and methyl 
oleate on the rate of uptake of Ca?*. Whereas 
oleic acid stimulated at lower and inhibited at 
higher concentrations, the methyl ester analogue 
was stimulatory over the entire range of con- 
centrations tried. Linoleic acid was shown previ- 
ously to have the same dual effects as oleic acid 
whereas palmitic acid had no marked effect [5]. 

It has been reported that the anisotropy of 
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TABLE I 


EFFECT OF OLEIC ACID AND METHYL OLEATE ON 
Ca*+ UPTAKE 


The results represent the mean + S.E. from 6 to 20 determina- 
tions with membranes from 3 to 5 rabbits. 


Lipid Lipid uptake Rate of Ca** uptake 
(nmol/mg protem) (percent of control) ° 

Oleic acid ° 

0.010 mM 18+ 1 113+10 

0.025 mM 48+ 0 117+ 7 

0.050 mM 89+ 4 137+11 

0.100mM 148+ 3 65+ 8 

0.200 mM 342+17 48+ 8 
Methyloleate © 

0.010 mM 144+ 1 118+ 7 

0.050 mM 68+ 4 124+ 8 

0.090 mM 1014 4 133+ 9 

0.120 mM 1194+ 8 143+ 7 

0.180mM 182+10 156+10 

0.180mM* 220421 207 +29 


* The control uptake was 7.5415 nmol/mg protein per 5 
min. 

> Values for oleic acid-treated membranes were reported previ- 
ously [5]. 

€ All methyloleate values represent incubations of 1 h with 
membranes except for (d) in which case incubations were for 
4h. 
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Fig. 2. The effect of oleic acid on anisotropy (@) control, no 
oleic acid incorporated; (O) 89 nmol (M) 341 nmol oleic acid 
incorporated/mg protein. The samples contained 016 mg of 
brush-border membrane protein. 


diphenylhexatriene in membrane preparations was 
dependent on the membrane concentration [14,15]. 
This was due to a depolarization of the light 
caused by scattering in such suspensions. In order 
to avoid such an artifact we monitored the ani- 
sotropy of both the control and treated vesicles at 
different concentrations of vesicles, as suggested 
by Teale [14] and Lentz and co-workers [15] and 
observed this scattering effect. We found that a 
vesicle concentration corresponding to 0.16 mg 
protein/ml gave an anisotropy reading which was 
close to the anisotropy value at infinite dilution 
(results not shown) and this concentration was 
used in the experiments that follow. 

Results illustrated in Fig. 2 show that treatment 
of membranes with low and higher concentrations 
of oleic acid decreased the fluorescence anisotropy 
in a dose-related manner and these differences 
became more apparent above 15°C. The results 
for linoleic acid (Fig. 3 show that for low incorpo- 
ration of this lipid there is a slight decrease in the 
anisotropy while for high levels of incorporation 
(1074 nmol/mg protein) the anisotropy was 
markedly reduced. Since these fatty acids at low 
and high concentrations caused stimulation and 
inhibition of the Ca** transport, respectively, no 
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Fig 3. The effect of linoleic acid on anisotropy (@) control, no 
linoleic acid incorporated (©) 50 nmol, (@) 1074 nmol hnoleic 
acid incorporated/mg protein The samples contained 0.16 mg 
of brush-border membrane protein. 
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Fig 4. The effect of methyl oleate on anisotropy (@) control, 
no methyl oleaete incorporated; (W) 68 nmol, (a) 101 nmol, 
(O) 220 nmol methyl oleate incorporated/mg protein The 
samples contained 0.16 mg of brush-border membrane protein. 


simple relationship between fluidization and 
transport activation could be found. It was sug- 
gested previously that the inhibition seen at high 
levels of cis-unsaturated fatty acid might result 
from an excess of fluidity which might lead to 
disorganization of the transport process. However, 
results in Fig. 4 do not support such a conclusion. 
Incorporations of 79-220 nmol/mg protein of 
methyl oleate decreased the anisotropy in a dose- 
dependent manner yet with this lipid, only a 
stimulatory effect on Ca** uptake was seen. By 
comparison, incorporations of 340 nmol/mg pro- 
tein of oleic acid inhibited Ca?* uptake (Table I) 
while the anisotropy of diphenylhexatriene was 
greater than that found when 220 nmol/mg pro- 
tein of methyl oleate was incorporated. 

It must be noted that the effect on the fluores- 
cence anisotropy of diphenylhexatriene in brush- 
border membrane vesicles treated with methyl 
oleate is markedly different from those treated 
with oleic acid in the same concentration range. 
AS successive amounts of methyl oleate were in- 
corporated into the vesicles the entire anisotropy- 
temperature plot was shifted to lower values. For 
example, when 220 nmol/mg protein of methyl 
oleate was incorporated the anisotropy at 25°C 
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Fig. 5. Effect of palmitic acid on anisotropy (@) control, no 
palmitic acid incorporated (©) 153 nmol, (Œ) 275 nmol palmitic 
acid incorporated/mg protein. The samples contained 0 16 mg 
of brush-border membrane protein 


was 0.17 compared with the value of the control 
sample which was 0.27. When 341 nmol/mg pro- 
tein of oleic acid was taken up, the anisotropy 
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Fig. 6 The lipid extracts of fatty acid-treated brush-border 
membrane vesicles (@) control; (*)} 153 nmol palmitic acid; 
(E) 89 nmol oleic acid; (O) 341 nmol oleic acid. The lipid 
concentrations of the extracts are identical to those used for 
intact brush-border membrane vesicles. 
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value was 0.255 at 25°C. The effect on the fluores- 
cence anisotropy was greater for methyloleate even 
though less was incorporated than for the oleic 
acid-treated samples. 

Treatment of brush-border membranes with 
palmitic acid had no significant effect on the 
anisotropy (Fig. 5). In all cases, the decrease in 
anisotropy as a function of temperature indicated 
gradual melting and no sharp transition tempera- 
tures. 

The results shown in Fig. 6 show a different 
behavior for the lipids from oleic acid-treated 
vesicles than was observed for the corresponding 
intact vesicles. The curve is shifted to lower values 
over the entire temperature range in the lipid 
extracts. This contrasts with the intact brush- 
border membrane vesicles where differences in the 
anisotropy of the oleic acid-treated vesicles were 
readily observed only at temperatures greater than 
15°C. The extracts from palmitic acid-treated 
vesicles gave results similar to those from control 
samples. Generally, the anisotropy values were 
lower for the lipid extracts compared to the intact 
membrane vesicles at temperatures below 30°C. 


Discussion 


The reason for the difference in rates of uptake 
of oleic acid and its methyl ester is not certain. 
This difference could be related to the negative 
charge intensity and/or to the size of the lipid-bile 
salt micelles both of which could affect possible 
interactions of these aggregates with the mem- 
brane. The observation could also be due to dif- 
ferences in concentration of these two lipids in the 
monomer phase. This point requires further inves- 
tigation. 

It is difficult at this point to provide a fully 
satisfactory rationalization of the differences in 
the anisotropy results observed for oleic acid and 
methyl oleate-treated membranes. The presence of 
the carboxyl group in the cis-unsaturated fatty 
acids could favor interactions with endogenous 
membrane constituents such as protein for exam- 
ple which would not occur with the methyl ester 
derivatives of these fatty acids. Such interactions 
could restrict the extent of mixing with endoge- 
nous lipids and limit the effect of acyl chain 
unsaturation. The effect of unsaturation would 


become apparent, however, when relatively high 
levels of incorporation are attained or when the 
temperature of the membrane becomes sufficiently 
elevated. 

The results obtained with lipid extracts of the 
brush-border membranes suggests that the pro- 
teins influence the membrane fluidity as has been 
demonstrated by others [16,17]. This is especially 
evident with oleic acid-treated membranes the ex- 
tracts of which display decreased anisotropy even 
throughout the lower temperature range. These 
effects of protein become apparent, however, only 
at temperatures well below physiological. 

The present study indicates that while cis-un- 
saturated fatty acids affect the fluidity of the 
membranes as reported by diphenylhexatriene flu- 
orescence, saturated fatty acids apparently had no 
effect when similar amounts had been incorpo- 
rated into the membrane. Our findings are similar 
to those of Klausner et al. [18], who making use of 
diphenylhexatriene and 8-anilino-1-naphthalene 
sulfonic acid as fluorescent probes showed that 
the membranes of mouse lymphocytes and baby 
hamster kidney cells contained lipid domains of 
different fluidities. Saturated and trans-un- 
saturated fatty acids were taken up by the less 
fluid domains without apparent change in order of 
the interior apolar regions and consequently di- 
phenylhexatriene fluorescence polarization was 
unaffected. Cis-unsaturated fatty acids on the 
other hand were taken up by more fluid domains 
where they caused further disruption of acyl chain 
packing and a lowering of the diphenylhexatriene 
fluorescence polarization. 

The Ca** transport channels must in some way 
interact with such fluid domains since Ca?* trans- 
port responds to uptake of cis-unsaturated fatty 
acids as well as to their CoA and methyl ester 
derivatives [19,20]. Excess fluidization, in response 
to large incorporations of cis-unsaturated fatty 
acid, cannot be in itself the cause of inhibition of 
Ca’* transport since higher levels of methyl oleate 
uptake would have exerted a similar inhibitory 
effect. One must suppose therefore that the accu- 
mulation of a large number of free carboxyl groups 
in the vicinity of the Ca** channels is in some 
manner responsible for the inhibitory effects of 
oleic and linoleic acids at higher levels of incorpo- 
ration. The binding of Ca?* to these carboxyl 


groups at. the exterior of the membrane would 
compete with Ca** transport through the chan- 
nels. Such superficially bound divalent cation 
would be removed by the wash procedures used in 
our method for studying Ca** transport [11] and 
consequently decreased Ca?* uptake values would 
be seen. The complete lack of, or relatively weak, 
inhibitory effect of saturated fatty acids which 
have been reported to be much more effective in 
binding Ca** than cis-unsaturated fatty acids, 
either alone in solution or following uptake by 
sarcoplasmic reticulum [21-23], could be ex- 
plained on the basis of their being incorporated in 
less fluid areas away from the Ca** channel sites. 
The presence of free carboxyl groups could also 
effect conformational changes in the channel pro- 
teins or modify charged group relationships across 
the channel which would in turn alter transport 
ability. The stimulatory effect of lower levels of 
cis-unsaturated fatty acids could be explained on 
the basis of increased fluidity at the temperature 
prevailing during the Ca** uptake studies since 
methyl oleate causes the same enhancement of 
uptake. It could be argued, however, that the 
stimulation observed at low levels of unsaturated 
fatty acid is due to some extent to an increase in 
free calcium at the transport site resulting from 
the calcium buffer action of carboxyl groups. These 
points require further clarification and in this 
respect it would be of interest to test the effect of 
other unsaturated lipids such as dioleoylphospha- 
tidylcholine, dioleolylphosphatidic acid, alken- 
ylamines and alkenols on Ca** transport. 

The luminal membrane of intestinal cells is 
constantly exposed to exogenous lipids derived 
from the diet. The uptake of these lipids modifies 
the composition of the membrane and this in turn 
would affect its structure relationships. Some of 
the possible changes in structure and function are 
described in the present study which reveals that 
oleic acid and methyl oleate increases the fluidity 
of the membrane in a dose-dependent manner 
while affecting transport of Ca**. The effects on 
Ca?* transport are complex however and do not 
relate only to general physical effects on the mem- 
brane but also to specific differences in the molec- 
ular structure of the incorporated lipids. Purifica- 
tion of the transporter proteins and their recon- 
stitution into liposomes could shed additional light 
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on the overall effects of lipids on Ca** transport 
as it occurs in brush-border membranes. 
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Previously, the release of carnitine from the perfused rat liver was found to be protein-mediated, dependent 
on the nutritional state but not on metabolic energy. Further, it was shown to exceed the physiological 
demand by about 10-fold (Sandor et al. (1985) Biochim. Biophys. Acta 835, 83-91). In the present study the 
uptake of carnitine by perfused rat liver has been investigated. (1) The liver tissue and the perfusate were in 
equilibrium when the carnitine concentration in the perfusate was close to 45 uM, physiological in the rat 
plasma. Under this condition, when no net carnitine transport occurred, an unidirectional uptake of 
L-[>H]carnitine was observed. Quantitatively, the uptake rate was 355 + 60 (S.D.) nmol /h per 100 g body 
weight at 45-50 pM perfusate concentration. This uptake capacity balances the previously reported 
excessive release (Sandor et al., op. cit.). On this basis we propose that a futile release /uptake cycle 
operates in carnitine transport across the liver cell membrane. (2) Liverse of 24-h starved rats took up 
L-[*H]carnitine at 56% higher rate from the perfusate (75 »M) than livers of fed rats. Kinetic analysis 
revealed that fasting caused a decrease in K, value from 4.22 mM to 2.59 mM, whereas V a remained 
practically unchanged, average 0.95 umol /min per 100 g body weight. p-[>H]Carnitine was transported at 
the same rate as L-carnitine and underwent the effect of fasting as well. (3) The uptake was partially 
inhibited by 1 mM 2,4-dinitrophenol and 5 mM KCN, showing its dependency on metabolic energy. If Li+ 
replaced Na* a strong inhibitory effect (to 20% of control) was observed, which suggests a co-transport of 
carnitine with Na*. Mersalyl, an SH reagent, had no effect on the uptake, whereas it practically abolished 
the release of carnitine from the perfused livers. This observation suggests that the inward and outward 
transport of carnitine are mediated by two different proteins. 


but the mechanism(s) whereby rat liver con- 
centrates carnitine during fasting is not completely 
understood. Whereas some workers found an ab- 


Introduction 


It has been well documented the rat liver in the 


fasting state accumulates carnitine (i.e., L-(—)- 
carnitine: 3-hydroxy-4-N-trimethylammoniobu- 
tanoate) [1-3], an essential substance for fatty 
acid oxidation and ketogenesis. The increase of 
carnitine content on a g liver basis is undoubted, 
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solute rise in liver carnitine content [2,3], others 
found that the increased concentration could be 
accounted for by loss of liver mass [1]. We pointed 
out earlier [3] that shrinkage of the liver during 
starvation cannot be the cause by itself. An 
elevated concentration in liver should equilibrate 
with the serum at the earlier fed level, unless the 
kinetic parameters of cellular transport are 
changed. In a previous work [3] we demonstrated 
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a decreased rate of carnitine release from the liver 
during starvation, which is due to a decrease of 
rate constant (to 5.0 min™! from 8.4 min~+). In 
the present paper, the uptake side of carnitine 
transport has been investigated. As will be demon- 
strated, the enhanced uptake also contributes to 
developing the increased liver carnitine concentra- 
tion seen in starvation. , 

The uptake process, characterized hereafter, de- 
serves attention in two points when compared to 
the efflux. In rat, the liver synthesizes carnitine 
and supplies the whole organism with that. How- 
ever, the efflux of carnitine from the liver [3] 
exceeds several times the estimated physiological 
demand and rate of biosynthesis [1,4,5]. Thus, 
most of the released carnitine has to reenter the 
liver. A question to be answered is whether or not 
the influx rate matches the excessive release? In a 
qualitative sense, the uptake process will be char- 
acterized through its sensitivity to inhibitors. 
Comparing these properties of influx to those of 
the efflux process we can obtain further informa- 
tion about the transport mechanism: do the up- 
take and release share a common protein? 


Materials and Methods 


Male Wistar rats (200-250 g) were used in all 
experiments and fed commercial laboratory chow 
ad libitum. Fasted rats were deprived of food at 
8:00 a.m. the day before the experiment. 


Materials 

L-Carnitine, internal salt, was a kind gift from 
Sigma-Tau, Rome. D,L-[methyl-?>H]Carnitine and 
[1-'4C]acetyl-CoA were purchased from Amers- 
ham. Inulin [}*C]carboxylic acid from Amersham 
was rechromatographed on a Sephadex G-25 col- 
umn before use. Acetyl-CoA was prepared as de- 
scribed [6]. L-[>H]Carnitine was prepared from the 
commercially available racemic mixtures by paper 
chromatography after the enzymatic acylation of 
the L-isomer with pripionyl-CoA [3,7]. The sep- 
aration of propionyl-L-carnitine from D-carnitine 
and the subsequent alkaline hydrolysis resulted in 
p-[{*H]carnitine and 1-[>H]carnitine. The overall 
yield was 90% with 99% purity as determined by 
TLC. Carnitine acetyltransferase and 3-hydroxy- 
butyrate dehydrogenase were obtained from 
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Boehringer-Mannheim. All other chemicals were 
market-available analytical grade compounds. 


Experimental procedures 

Livers were perfused with 30 ml perfusion fluid 
as described by Mortimore [8] with some modifi- 
cations [3]. Samples of perfusion fluid were taken 
at time intervals shown in the figures, and of livers 
at the end of perfusion. Perfusate and liver sam- 
ples were assayed for total carnitine after alkaline 
hydrolysis by modified enzymatic analysis [3] 
originally described by Cederblad [9]. To de- 
termine the unidirectional uptake rate we intro- 
duced L-[°H]carnitine (usually 1000 cpm/nmol) 
into the perfusate and measured radioactivity in 
the perfusion fluid. To express the changes in 
nmol the initial specific activity was used. For 
calculations of uptake rates we used the initial 
straight part of the curves between 5 and 15 min. 
(The diluting effect of released carnitine on the 
specific activity was neglected because it could 
affect the calculation less than 10%.) Ketone bod- 
ies were determined in the deproteinized extracts 
by described methods [10,11] (the term ketone 
bodies refers to the sum of acetoacetate and 3-hy- 
droxybutyrate). 

Extracellular space of perfused livers was de- 
termined with [carboxy-'*C]inulin in separate ex- 
periments, tissue total water was determined by 
drying as described [3] and the intracellular water 
was calculated by subtraction. Application and 
standardization of Mersalyl was also described 
earlier [3]. Radioactive determinations in 10 ml 
toluene/Triton X-100 (2:1, v/v) scintillant were 
performed using Beckman LS 230 counter. °H 
activities were measured in separate aliquots in 
absence of 14C. 14C activities were measured by 
using narrow window if tritium activity was pre- 
sent. 


Terminology 

‘Uptake’ or ‘unidirectional uptake’ means the 
influx. ‘Release’ means the efflux. ‘Net uptake’ 
means the resultant inward transport of the con- 
comitant influx and efflux. For example, when the 
influx and efflux are equal not net uptake occurs. 


Results 


Fed and fasted state 
The carnitine concentration in the perfusate 
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and tissue were compared during perfusion of 
livers from fed and 24-h fasted rats. In respect to 
ketone body production the perfused liver pre- 
served the in vivo fed-fasted relationship. The 
‘fed’ livers produced 18 pmol, ‘fasted’ livers pro- 
duced 80 pmol total ketone bodies per h per 100 g 
body weight (data not shown), consistent with the 
value reported in the literature [12]. 

Carnitine concentrations in the perfusate dur- 
ing the perfusion are shown in Fig. 1. When the 
initial carnitine concentration in the perfusate was 
45 uM (considered physiological), this level re- 
mained constant during the 2 h of perfusion (Fig. 
1, set I). This steady-state concentration is the 
result of the concommitant uptake and release. 
The steady state was achieved at a lower perfusate 
concentration by livers from fasted animals (Fig. 
1). Hepatic carnitme content at the end of perfu- 
sion was 170 nmol/g and 356 nmol/g in fed and 
starved rats, respectively. These levels correspond 
to 307 pM and 622 uM intracellular concentra- 
tions, when calculated on intracellular water basis. 
(The intracellular water content increased slightly 
from 552 to 572 ul/g wet weight during starva- 
tion, in accordance with other reports [8]). The 
liver-to-perfusate concentration ratios of carnitine 
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Fig. 1. Total carnitine concentration in perfusate during recir- 
culating perfusion of fed and fasted rats Livers were 12 5+0.6 
g and 9.4+0.5 g at the end of perfusion in the fed and fasted 
state, respectively. (In this and all other experments the 
pre-fasting body weights were the same in the two groups.) 
Values presented in the figure are means of four experiments. 
For clanty, S E. ıs shown by bars only at 60 and 120 min 


at equilibrium were 6.9 vs. 18.2 when livers de- 
rived from fed and fasted animals, respectively. In 
vivo the liver/serum ratio undergoes the same 
shift (because the liver develops its higher con- 
centration at practically unchanged serum level). 
Thus, the recirculating perfusion system maintains 
the liver-serum relationship with respect to the 
carnitine concentration, as well. When perfusate 
carnitine concentration was higher, 78—80 pM, 
livers took up carnitine, approaching the steady- 
state condition (Fig. 1, set II). The rate of net 
uptake in fasted state was increased by 62.5% 
when compared with the rate seen in livers from 
fed rats. This apparent increase in the net uptake 
raised two questions. First, because the decreased 
release in the fasted state [3] contributes to this 
effect, what was the effect of starvation on the 
unidirectional uptake process? Second, might this 
effect be due to metabolism, i.e., enhanced esteri- 
fication of carnitine? 

To answer the first question, we introduced 
L-[*H]carnitine into the perfusate to determine the 
unidirectional uptake. Fig. 2 shows the unidirec- 
tional and net uptake simultaneously in both 
nutritional states. The divergence between the net 
and unidirectional curve is due to the concomitant 
release. The unidirectional uptake rates were 36 
and 56 nmol/min per liver by livers from fed (Fig. 
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Fig. 2 (A, B) Unidirectional and net uptake of carnitine in fed 
and fasted states. Rat livers were perfused with 30 ml medium 
as described in Materials and Methods. Livers were 10.5 and 
7.8 g in the fed and starved states, respectively. Unidirectional 
uptake was measured by the isotopic, net uptake by the 
enzymatic method, as detailed in Materials and Methods 
Values are means + S.E. for four experiments. 


2A) and fasted (Fig. 2B) rats, respectively. Thus, 
24-h fasting resulted in a 56% increase in the 
influx of total carnitine. (The comparison on whole 
liver basis seems to be very resasonable, because 
the prefasting liver weights were the same in the 
two groups. Comparison on 100 g body weight 
basis would have exaggerated the difference by 
about 10%.) 

To answer the second question the uptake of 
p-[?H]carnitine was also examined. As seen (Fig. 
3A), there was no significant difference between 
the unidirectional uptake of L- and D-carnitine. 
This finding is consistent with observation made 
on isolated rat hepatocytes [13]. Further, p-carni- 
tine uptake was also enhanced by starvation (Fig. 
3B); the tissue /perfusate ratio increased from 2.09 
to 6.20. This observation rules out the possibility 
that increased esterification of carnitine was re- 
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Fig. 3. (A) Uptake of p-[3H]carnitine and L-[*H]carnitine by 
perfused livers from fed rats. 8.5+0.5 g livers were perfused at 
concentrations showed on the scale. Values are means of four 
experiments; S.E. is shown by bars at two points. (B) Uptake 
of p-[*H]carnitine by perfused livers of fed and starved rats 
9.5+0.5 g fed and 6.5+0.6 g starved livers were perfused as 
described above. Concentrations of D-carnitine in the hver and 
the end of perfusion were 68 2 and 1332 nmol/g m the fed 
and fasted cases, respectively. 


changed (average 0.95 umol- min 
prefasting body weight). 


99 


sponsible for the enhanced uptake seen in the 
fasted state. 


The perfusion model also enabled us to char- 


acterize the kinetics of hepatocellular carnitine 
transport. For this purpose a separate experimen- 
tal series was performed at the perfusate con- 
centrations shown in Fig. 4. The initial rate of 
unidirectional uptake was saturable (not shown). 
Double-reciprocal plots of these data (Fig. 4) 
showed a decrease in the K,, value from 4.22 mM 
to 2.59 mM, whereas the Pas remained un- 


in-? per 100 g 


Effect of different inhibitors 

All experiments with inhibitors were performed 
using livers of fed animals. The sensitivity of the 
transport to sulfhydryl reagent was examined by 
using mersalyl. As shown in Fig. 6C, mersalyl had 
no effect on unidirectional carnitine uptake. We 
demonstrated previously that mersalyl strongly in- 
hibits the release of carnitine from the perfused 
rat liver [3]. Simultaneous measurement of the 
mersalyl effect on the unidirectional and net up- 
take enabled us to compare the effect on the 
uptake and release in the same liver under the 
same conditions. In Fig. 5A, the unidirectional 
and net uptake in ‘fed’ livers are shown. (The 
divergence between the two curves is due to the 
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Fig. 4, Double-reciprocal plot of carnitine uptake rate by 
perfused livers from fed and fasted rats against perfusate 
carnitine concentration. The unidirectional uptake was mea- 
sured isotopically; initial rates were assumed as reasoned under 
Materials and Methods. All points are means for four perfu- 
sions. Lines were fitted with least-squares regression. The Km 
values: 4.22 mM for fed rats, 2.59 mM for fasted ones. The 
Vaas Values are 0.92 and 0.98 »mol/min per 100 g body 


weight. 
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Fig 5 (A, B) Unidirectional and net uptake of carnitine ın the 
presence (B) and absence (A) of mersalyl. 84+0.3 g livers 
from fed rats were perfused. The effective mersalyl concentra- 
tion was 380 uM Values are means for four perfusions, SE is 
shown by bars at important points. 
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Fig. 6. (A, B, C) Effects of different inhibitors on unidirec- 
tional uptake of carnitine 85+0.5 g livers were perfused as 
described in Matenals and Methods. Perfusion medium con- 
tained 5 mM KCN, 1 mM 2.4-dinitrophenol, 1 mM ouabain 
and 380 uM effective mersalyl in different sets of experiments, 
respectively. In the experiment where the effect of LiCl was 
examined, the NaCl content of the medium was replaced 
totally with LiCl Values are means of four experiments, SE 1s 
shown by bars at two points 


release of carnitine.) Mersalyl abolished the diver- 
gence, that is, abolished the release, while the 
unidirectional uptake rate was uneffected (Fig. 
5B). 

Previous studies of carnitine transport by dif- 
ferent tissues [13—21] revealed that the uptake 
process was energy-dependent. Our results, ob- 
tained in recirculating perfusion system yielded 
the same results. Measuring the initial rate of 
unidirectional uptake of L-[?H]carnitine, signifi- 
cant inhibition by 1 mM 2,4-dinitrophenol and 5 
mM KCN was found (Fig. 6A). The 50% and 30% 
inhibitory effects of 2,4-dinitrophenol and KCN 
are consistent with results obtained by others on 
extrahepatic tissues [14—16,18]. Replacement of 
Na* with Li* inhibited the inward transport by 
80% (Fig. 6B), suggesting a close connection be- 
tween the Na* transmembrane gradient and 
carnitine transport. Oubain, an inhibitor of Nat- 
K*)-ATPase, did not affect the uptake (Fig. 6B): 
and neither did changes in perfusate pH from 6.5 
to 8.0 (not shown). 


Discussion 


At carnitine concentration in the perfusate close 
to the physiological plasma concentrations (45-50 
pM), the perfused liver maintained the perfusate 
concentration constant. Under this condition, 
when no net carnitine transport occurred, we ob- 
served unidirectional uptake using isotopic tech- 
niques (Figs. 1, 2, 5A, 6 control curves). This 
finding proves that concomitant uptake and re- 
lease processes are operating in the hepatocellular 
carnitine transport and that they are balanced 
under steady-state conditions. In rat, the liver is 
devoted to supplying the organism with carnitine, 
and the established daily release from the liver, 
9.93 umol per 100 g body weight [3], exceeds by 
4—10-fold the estimated demand. In this work, the 
uptake of carnitine by rat liver, that is, the re-en- 
try of the released carnitine, has been char- 
acterized. Quantitatively, the unidirectional up- 
take rate average 354 + 60 (S.D.) nmol/h per 100 
g body weight at 45—50 uM perfusate concentra- 
tion. (Compiled data from Figs. 3, 5, 6. Specific 
liver weights were 4.79 ¢/100 g body weight.) (The 
uptake rate calculated from the kinetic parameters 
would be somewhat higher (582 nmol/h per 100 g 


body wt.). This is fairly consistent, if we consider 
that the kinetic measurements were performed at 
another (higher) range of substrate concen- 
trations.) On a daily basis, 8.5 umol of carnitine 
were taken up per 100 g body weight, which 
matches fairly well the previously established re- 
lease rate. Since this uptake is energy-dependent, 
this release and uptake cycle can be considered an 
energy-consuming futile cycle. The significance of 
this cycle is shown by the fact that the amount of 
carnitine turning over each day is 10-times higher 
than the carnitine content of liver. Numerous futile 
cycles have already been described [22], stressing 
the ability of these cycles to amplify metabolic 
signals, if the two opposite processes are simulta- 
neously controlled. We looked at how the 
hepatocellular carnitine transport is controlled in 
the fasting state. 

Starvation results in a marked increase in liver 
carnitine on a g wet tissue basis [1—3]. Calculated 
on an intracellular water basis, the concentrations 
found in this work were 307 uM and 622 uM in 
the perfused liver of fed and fasted rats, respec- 
tively. Due to the reduced weight of livers from 
fasted animals, the increase in total liver carnitine 
(nmol/g per g organ) is smaller (Refs. 2, 3 and 
this work) or there is no increase [1] compared to 
the fed state. We stress that the liver shrinkage 
cannot cause and maintain an increased con- 
centration, that is, the increased liver /plasma ratio. 
Searching for changes in transport properties, we 
found that the uptake of carnitine is increased by 
56% on the effect of fasting (when starting from 
75-80 uM perfusate concentration; Fig. 2). It has 
also been shown that this increase in transport 
rate is due to a decrease in K,, value while the 
Vax 1S Slightly changed (Fig. 4). The observation 
that D-(+)carnitine transport also undergoes the 
effect of fasting proves that the change is not due 
to further metabolic conversion (esterification). 
Earlier [3], we demonstrated a decreased release of 
carnitine from the perfused livers of fasted animals. 
Returning to the futile cycle outlined above, the 
liver takes advantage of release/uptake futile 
cycle: both directions are controlled in the fasting 
state in favor of developing and maintaining the 
higher liver:plasma carnitine ratio (Fig. 1). Pre- 
sumably, the endocrine background, more exactly, 
the decreased insulin:glucagon ratio during fasting 
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[2], is responsible for changing the hepatocellular 
carnitine transport. 

Being concentrative, the uptake of carnitine 
into liver cells is sensitive to metabolic inhibitors 
is consistence with Bremer’s results [13] and other 
data obtained in extrahepatic tissues [14,16]. The 
relatively low sensitivity to metabolic inhibitors 
anticipates that the process is not related directly 
to ATP utilization but to some other energy-de- 
pendent process. In fact, our finding (Fig. 6B) 
suggests a dependency on an Na” gradient. A 
co-transport mechanism with Na* for carnitine is 
also described in perfused rat heart [16]. (Neither 
those workers nor ourselves have observed any 
effect of oubain, probably because carnitine uses 
the already built up Na* gradient for transport.) 
Mersalyl (SH reagent) did not inhibit the uptake 
of carnitine (Fig. 6C), but markedly inhibited the 
release of carnitine (Fig. 5), as, confirming our 
previous finding [3]. These observations strongly 
suggest that the inward and outward transport of 
carnitine through the liver cell membrane are 
mediated by two different proteins. Alternatively, 
one carrier protein with two oriented sides may be 
operating: one is mersalyl-sensitive and the other 
is not. 
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Nitrite uptake and its regulation in the cyanobacterium Anacystis nidulans 
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Two different components seem to participate in the uptake of nitrite by the cyanobacterium Anacystis 
nidulans, namely a transport system sensitive to N,N ’-dicyclohexylcarbodiimide and a passive influx. The 
relative contribution of each component depended on the pH of the medium, that of the active system being 
prevalent at high pH values. The active transport of nitrite appears to be mediated by a high-affinity system, 
whereas the affinity for nitrite of the passive system is lower, similar to that of nitrite reductase. The 
utilization of nitrite was inhibited by products of the assimilation of ammonium via glutamine synthetase, 
apparently acting at the level of the active component involved in nitrite uptake. 


Introduction 


Most cyanobacteria are able to use nitrate, 
nitrite or ammonium as the sole nitrogen source 
for growth [1]. Whereas several studies concerning 
the uptake of nitrate [2-7] and ammonium [6,8-10] 
by different strains of cyanobacteria have ap- 
peared, the published information about nitrite 
uptake is scarce [4,11]. 

The proposal has been raised that two compo- 
nents, namely, active transport and passive diffu- 
sion, contribute to nitrite uptake in Anacystis 
nidulans [4]. In this report evidence is presented in 
support of the operation of both systems in nitrite 
acquisition by A. nidulans cells. Some features of 


Abbreviations: DCCD, WN,N’-dicyclohexyicarbodumide; 
Mops, 4-morpholinepropanesulfonic acid; MSX, L-methionime- 
D,L-sulfoximine; MTA, mixed alkyltrimethylammonium 
bromide; Tricine, N-[2-hydroxy-1,1-bis({hydroxymethy])- 
ethyl]glycine. 


Correspondence: Dr E. Flores, Departamento de Bioquimica, 
Facultad de Biologia y C.S.IC., Apartado 1095, E-41080 
Sevilla, Spain. 


the energy-requiring system have been char- 
acterized. The active component of nitrite uptake 
is regulated by ammonium and carbon dioxide 
availability, to which it responds in a similar way 
to that previously described for the nitrate uptake 
system [3,5]. 


Materials and Methods 


Anacystis nidulans (strain L 1402-1 from the 
Göttingen University Algal Culture Collection; 
also known as Synechococcus leopoliensis or Syn- 
echococcus elongatus [12]) was grown photoauto- 
trophically at 39°C with nitrate as the nitrogen 
source on a medium previously described [13]. 
Cellular chlorophyll was determined in methanolic 
extracts [14]. 

The cells were harvested and washed by filtra- 
tion through Milipore filters (type HA-0.45 um). 
When a treatment with DCCD or MSX was car- 
ried out before the uptake experiments, the cells 
were suspended in 30 mM Tricine-NaOH buffer 
(pH 8.1) (unless otherwise indicated) and in- 
cubated in air-opened conical flasks at 40°C in 
the light (100 W - m~?, white light). Nitrite uptake 
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was studied with washed cells at 40°C in the light 
(as above) under the particular conditions de- 
scribed for each experiment. Nitrite uptake was 
followed as nitrite disappearance from the 
medium; the cells were removed by filtration and 
nitrite in the medium determined by the method 
of Snell and Snell [15]. Alternatively, aliquots of 
the cell suspension were directly added to the 
nitrite determination assay, removing the cell de- 
bris by low-speed centrifugation. Similar results 
were obtained with any of the two methods. Am- 
monium was determined in the filtrates with 
glutamate dehydrogenase [16]. 

The K,, (NO) of nitrite reductase was de- 
termined in cells made permeable to small mole- 
cules by the detergent mixed alkyltrimethylam- 
monium bromide (MTA). A. nidulans cells (2 ug 
chlorophyll) were added to a reaction mixture 
containing in a final volume of 1 ml: MTA, 750 
ug; Mops-NaOH buffer (pH 7.2), 25 pmol; methyl 
viologen, 5 pmol; 20 umol of Na,S,O, in 0.1 ml 
of 0.3 M NaHCoO,; and KNO, at the indicated 
concentration. After incubation at 30°C for 5 
min, nitrite was determined [15]. Activity units 
correspond to pmol of nitrite disappeared per 
min. (Mixed alkyltrimethylammonium bromide 
did not interfere with the assay for nitrite de- 
termination.) 


Results and Discussion 


Two different components in nitrite uptake 
Nitrate-grown cells of the cyanobacterium 
Anacystis nidulans exhibit high activities of nitrite 
utilization in the light, in the range of 1-3 nmol - 
wg (chlorophyll) - min~'. Nitrite uptake in 
Anacystis is sensitive to DCCD [4], an inhibitor of 
bacterial ATPases [17], suggesting the involvement 
in nitrite uptake of an active transport system and 
the participation of ATP in the link between en- 
ergy metabolism and the uptake process [4]. The 
extent to which nitrite utilization was inhibited by 
DCCD-treatment of the cells depended on the pH 
of the medium. Treatment of the cells with DCCD 
did not affect nitrite utilization at neutral pH, 
whereas a negative effect was manifest at higher 
pH values, the degree of inhibition increasing as 
the pH raised (Fig. 1). Increasing the pH would 
reduce the concentration of available nitrous acid 


NITRITE UPTAKE 
(nmol /pg chi min) 





pH 


Fig. 1. Effect of extracellular pH on nitnte utilization by 
DCCD-treated Anacystis nidulans cells. The cells (8 pg chloro- . 
phyll/ml) were preincubated for 15 min in the light, at 40°C, 
suspended in 30 mM Tricine-NaOH buffer (pH 8.1) supple- 
mented (®) or not (O) with 10 M DCCD. After washing by 
filtration, the cells were suspended (8 pg chlorophyll /ml) in 10 
mM Mops/10 mM Tricine/10 mM glycine-NaOH buffer of 
the indicated pH value and, after addition of nitrite (0.5 mM 
KNO,, final concentration), nitrite utihzation was assayed for 
30 min. The insert shows the pH dependence of the DCCD- 
sensitive nitrite uptake (nitrite utilization by untreated cells 
minus mtnte utihzation by DCCD-treated cells). 


(pK, NO; /HNO,, 3.4), which suggests that dif- 
fusion of uncharged nitrous acid might account 
for the passive nitrite influx. On the other hand, a 
DCCD-sensitive activity of nitrite uptake is 
manifest at the higher pH values tested. Conse- 
quently, DCCD can be used to evaluate the rela- 
tive contribution of diffusion and active transport 
to the net nitrite uptake by A. nidulans cells. 
Interestingly enough, the pH dependence of the 
DCCD-sensitive uptake (Fig. 1, insert) is very 
similar to the pH dependence of nitrate uptake in 
A. nidulans [18], which takes place in an active 
way [4]. 

Under conditions in which active nitrite uptake 
is operative, Anacystis cells exhibit a high affinity 
for nitrite, the K,, (NO; ) being below 10 uM [4]. 
However, when contribution of the active compo- 
nent was low (pH 7.2), a biphasic pattern was 
apparent in the response of nitrite utilization by 


whole A. nidulans cells to changes in nitrite con- 
centration (Fig. 2). For the low concentration 
range, a K,, (NO; ) of about 6 pM (Vaas about 
0.6 nmol NOZ -1g7! (chlorophyll) - min~') could 
be calculated, whereas for the higher nitrite con- 
centration range, the calculated K,, (NOZ) was 
higher (about 450 uM), the Va being about 3.5 
nmol NO7 - pg! (chlorophyll) - min~*. This can 
be interpreted in terms of the contribution of two 
systems with different affinities for the substrate 
to nitrite utilization by Anacystis. The high-affinity 
component might correspond to the active 
(DCCD-sensitive) system, scarcely active at pH 
7.2, whereas the low-affinity component probably 
reflects passive influx of nitrous acid. As a matter 
of fact, the K,, (NO) of nitrite uptake by 
DCCD-treated cells was estimated to be 400 uM 
(Fig. 3). 

Active uptake of nitrite by whole cells of A. 
nidulans may well be mediated by a permease with 
a high affinity for the substrate. On the other 
hand, under conditions in which nitrite uptake 
takes place mainly as a passive process, the affin- 
ity for nitrite exhibited by the cells might be 
determined by nitrite reductase, the first enzyme 
involved in the assimilation of nitrite. To test this 
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Fig 2 Lineweaver-Burk plot of the effect of the concentration 
of nitnte on the rate of mtrite utihzation by A. nidulans at pH 
7.2. The assays were started by the addition of washed cells (3 
ug chlorophyll /ml, final concentration) to solutions containing 
different concentrations of KNO, in 25 mM Mops-NaOQH 
buffer (pH 7 2). 
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Fig 3. Lineweaver-Burk plot of the effect of the concentration 
of nitrite on the rate of nitrite utilization at pH 7.2 by 
DCCD-treated A. nidulans. A cell suspension (10 pg chloro- 
phyll/ml) ın 30 mM Tricine-NaOH buffer (pH 8 1) was treated 
with 30 uM DCCD for 15 min After washing, the cells were 
added (4 pg chlorophyll/ml, final concentration) to solutions 
containing different concentrations of KNO, in 25 mM 
Mops-NaOH buffer (pH 72), and the nitrite uptake rates 
determined, 


possibility, the K,, (NO, ) of nitrite reductase has 
been estimated under in situ conditions, in 
Anacystis cells made permeable to small molecules 
by the detergent alkyltrimethylammonium bro- 
mide, and a value.of about 120 uM was found 
(Fig. 4). This compares well to the K,, (NO; ) of 
intact untreated cells under conditions favoring 
passive uptake of nitrite (about 450 uM; Fig. 2) or 
to that of DCCD-treated cells (400 uM; Fig. 3). 

Because cyanobacteria generally have been 
found in alkaline natural waters and exhibit opti- 
mal rates of growth and photosynthesis at an 
alkaline pH [19-22], the active transport of nitrite 
probably contributes significantly to nitrite-de- 
pendent growth, especially at the low concentra- 
tions of nitrite usually found in Nature [23] which 
are below the value of the K,, (NO, ) of the active 
system. 


Regulation of nitrite uptake 

Both ammonium and CO, have a prominent 
role in the regulation of nitrate utilization in A. 
nidulans [3,5,7]. The effect of these two com- 
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Fig 4 Lineweaver-Burk plot of the effect of the concentration 
of mitrite on nitrite reductase activity of A. nidulans estimated 
in situ. See Materials and Methods for the experimental proce- 
dure. 


pounds on nitrite uptake has been tested. Nitrite 
uptake was inhibited by ammonium and stimu- 
lated by CO,, the magnitude of the effect of either 
compound being pH-dependent (Table I). Both 
the inhibition by ammonium and the positive ef- 
fect of carbon dioxide on nitrite utilization were in 
fact more pronounced at the higher pH values 
tested (Table I), conditions under which the con- 
tribution to nitrite uptake of the active component 
is prevalent. The active component of nitrite up- 
take, rather than its passive counterpart or any 
intracellular component involved in nitrite assimi- 
lation, seems thus to be the target of the effects of 
ammonium and CO, on nitrite utilization. 

The nitrite taken up in the absence of CO, was 
quantitatively recovered as ammonium in the outer 
medium (Table II). This can be expected from the 
requirement of CO,-fixation products as sub- 
strates for ammonium assimilation, which is also 
evident for the uptake of exogenously supplied 
ammonium (Table II; see also Ref. 8). 

The glutamine synthetase/ glutamate synthase 
pathway is the main route for ammonium assimi- 
lation by the strain of A. nidulans used throughout 
this work [6], the incorporation of ammonium into 
carbon skeletons being drastically hampered [4,6] 
by L-methionine-D,L-sulfoximine (MSX), a gluta- 


TABLE I 


EFFECT OF AMMONIUM AND CARBON DIOXIDE ON 
NITRITE UTILIZATION BY 4. NIDULANS AT DIFFER- 
ENT VALUES OF EXTRACELLULAR pH 


Suspensions containing 7 pg chlorophyll per ml of 15 mM 
Tricine /15 mM glycine-NaOH buffer of the indicated pH were 
used. Experiment 1 was carried out in air-opened conical flasks 
and, where indicated, the suspensions were supplemented with - 
0.5 mM NH,Cl. Experiment 2 was carried out in closed 
Warburg vessels, ın which the cell suspension was placed in the 
main compartment, containing either CO.-free or CO,-en- 
riched air as the gas phase; this was achieved by placing ın the 
center well 20% KOH or 0.5 M NaHCO, /Na,CO, buffer (pH 
9.6), respectively The assays were started by the addition of 
05 mM KNO, (final concentration), 


Expt. pH Nitrite taken up Ratio 
(nmol /jg chlorophyll 
per 30 min) 
1 -NHÝ +NH{ +NHj/-NHjZ 
7.5 297 27.1 0.93 
8.5 12.1 9.9 0.81 
9.5 19.1 5.0 0.26 
2 + CO, EN: CO, + CO, rå TT CO, 
73 34.7 20.6 169 
8.5 27.6 11.3 2.44 
95 26.3 8.3 317 
TABLE II 


EFFECT OF CARBON DIOXIDE ON NITRITE OR AM- 
MONIUM UPTAKE AND ON NITRITE-DEPENDENT 
AMMONIUM RELEASE BY A. NIDULANS 


The experiment was carried out in closed Warburg vessels 
containing in the main compartment cell suspensions (7 pg 
chlorophyll/ml) in 25 mM Tricine-NaOH buffer (pH 8.3). 
CO,-free or CO,-enriched air as the gas phase was achieved as 
described in Table I. The assays were started by the addition of 
0.4 mM KNO, or NH,CI (final concentration). n.d., not 
determined. 








Substrate Conditions Substrate Ammonium 
added taken up released 
(nmol/yg  (nmol/pg 
chlorophyll — chlorophyll 
per 30 min) per 30 min) 
Nitrite +CO, 276 0.0 
S CO, 6.6 6.4 
Ammonium +CO, 25.9 n.d 
- CO, 00 n.d. 





mate analog that inactivates glutamine synthetase 
[24]. The inhibition by ammonium of nitrite utili- 
zation was prevented by treatment of the cells 
with L-methionine-D,L-sulfoximine (Table IID. 
Thus, in analogy to what happens with nitrate 
uptake [3], ammonium must be assimilated via 
glutamine synthetase in order to inhibit nitrite 
uptake. Results in Table HI also show that treat- 
ment of Anacystis cells with L-methionine-D,L- 
sulfoximine allowed increased rates of nitrite utili- 
zation. This may result from the prevention by 
MSX of the assimilation of the ammonium result- 
ing from nitrite reduction. Thus, the regulatory 
system modulating nitrite uptake via the active 
transport system seems to involve products of the 
assimilation of ammonium via glutamine syn- 
thetase. 

If the inhibitory metabolites resulting from am- 
monium assimilation specifically modulate the ac- 
tive component of nitrite uptake, L-methionine- 
D,L-sulfoximine should affect the active uptake of 
nitrite but not its passive utilization. As shown in 
Table IV, this was actually the case, since nitrite 
utilization by DCCD-treated cells was not af- 
fected at all by MSX, whereas MSX. promoted an 
increase in nitrite uptake by untreated cells. 

The results presented in this paper show that 
uptake of nitrite in A. nidulans is subject to 
regulation by a system similar to that modulating 
nitrate uptake [4,5,6], involving products of am- 


TABLE HI 


RELEASE BY MSX OF THE AMMONIOM-PROMOTED 
INHIBITION OF NITRITE UTILIZATION IN A. NIDU- 
LANS 


The cells (7 pg chlorophyll/ml) were preincubated for 15 min 
in the light, at 40°C, in 30 mM Tricine-NaOH buffer (pH 8 1) 
supplemented or not with 1 mM L-methionine-p,L-sulfoximine 
(MSX). After washing by filtration, the cells were resuspended 
(7 pg chiorophyll/ml) in 30 mM glycine-NaOH buffer (pH 
9.6) and the assays were started by the addition of 05 mM 
KNO, and, where indicated, 0.5 mM NHC. 


Treatment Additions Nitrite taken up 
(nmol/pg chloro- 
phyll per 30 min) 

None NO, 27.9 

None NO; , NHZ 7.1 

MSX NO; 45.7 

MSX NOJ, NH 42.9 
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TABLE IV 


EFFECT OF DCCD AND MSX ON NITRITE UPTAKE BY 
A. NIDULANS AT pH 72 


The assays were started by the addition of KNO, to cell 
suspensions (8 yg chlorophyil/ml 25 mM Mops-NaOH, pH 
7.2) that had been preincubated for 15 min (at 40°C ın the 
light) without any addition or in the presence of 20 pM 
DCCD, 1 mM L-methionine-D,L-sulfoximine (MSX) or 20 pM 
DCCD and 1 mM MSX. Neither MSX or DCCD interfered 
with the assay for nitnte determination 


Inhibitor added Nitnte taken up 
(nmol/pg chlorophyll 
per 10 min) 

None 10.1 

MSX 17.5 

DCCD ee) 

DCCD, MSX 7.5 


monium assimilation via glutamine synthetase as 
negative effectors. No direct evidence is available 
about the nature of the target of the regulation 
system in nitrate assimilation, although the nitrate 
transport system appears to be a good candidate 
[6]. The above results indicate that the control of 
nitrite utilization is exerted at the level of the 
active transport of nitrite. Analogously, the nitrate 
transport system might well be the target of the 
regulatory system modulating nitrate utilization in 
Anacystis. 
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in the cyanobacterium Anacystis nidulans 


Francisco Madueño, Enrique Flores and Miguel G. Guerrero 
Departamento de Bioquimica, Facultad de Biologia y C.SI.C., Apartado 1095, E-41080 Sevilia (Spain) 


(Received 4 August 1986) 


Key words: Nitrate transport; Nitnte transport; Nitrate reductase; Nitrite reductase, (A. nidulans) 


Nitrate and nitrite reciprocally inhibited the utilization of each other in the unicellular cyanobacterium 
Anacystis nidulans. Nitrate hampered active nitrite uptake both in wild-type cells lacking active nitrate 
reductase and in a nitrate reductase-defective mutant. Nitrate uptake in a nitrite reductase-defective mutant 
was inhibited by nitrite. The competitive interaction between nitrate and nitrite utilization in A. nidulans 
seems to take place at the level of substrate transport into the cell. 


Cyanobacteria can use nitrate or nitrite as the 
source of nitrogen for growth [1]. The assimilation 
of both nitrogenous compounds in this group of 
organisms has been studied mainly in the unicellu- 
lar species Anacystis nidulans (= Synechococcus 
elongatus, see Ref. 2). The systems involved in 
nitrate and nitrite uptake are both operative in 
nitrate-grown cells. Nitrate uptake appears to be 
mediated by an active transport system with a 
high affinity for nitrate [3—5]. Nitrite entrance into 
the cell seemingly takes place both by diffusion 
(probably in the form of nitrous acid) and via 
active transport of the nitrite anion [4,6]; the 
relative contribution of each component depends 
on the pH of the medium, that of the active 
system being prevalent at high pH values [6]. 
Nitrate uptake and the active component of nitrite 
uptake share common properties in A. nidulans, as 
they exhibit analogous pH-dependence profiles 


Abbreviations: Mops, 4-morpholinepropanesulfome acid; Tri- 
cine, N-[2-hydroxy-1,1-bis(hydroxymethylethyllglycine. 
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and are subject to regulation by ammonium and 
carbon dioxide in a similar fashion [6]. In view of 
the above similarities it seems plausible that a 
common transport system participates in both 
nitrate and nitrite uptake. The results presented in 
this report actually show that there is a marked 
competitive interaction between nitrate and nitrite 
uptake in A. nidulans. 

Anacystis nidulans (strain L 1402-1 from 
Göttingen University’s Algal Culture Collection, 
also known as Synechococcus leopoliensis) cells 
incubated in the presence of both nitrate and 
nitrite took up both substrates simultaneously, but 
at rates‘lower than those observed in control cell 
suspensions supplemented with only one nitroge- 
nous compound (Table I). This was also the case 
for cells treated with L-methionine-D,L-sulfoxi- 
mine (Table I), a glutamate analog that inactivates 
glutamine synthetase [7], the L-methionine-p,L- 
sulfoximine-treated cells quantitatively releasing 
to the outer medium the ammonium resulting 
from reduction of the nitrate or nitrite taken up 
[4]. Thus, the competition between nitrate and 
nitrite utilization takes place at the early stages of 
the processes, prior to the assimilation, via gluta- 
mine synthetase, of the ammonium resulting from 
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TABLE I 


COMPETITION BETWEEN NITRATE AND NITRITE UP- 
TAKE IN ANACYSTIS NIDULANS 


Nitrate-grown cells [10] were harvested and resuspended (20 
pg Chlorophyll/ml) in 25 mM Tricine-NaOH buffer (pH 8 3) 
with or without 1 mM L-methionine-p,L-sulfoxummne (MSX), 
After 15 min of incubation at 40°C in the light (100 W/m’), 
the assays were started by the addition of KNO, or/and 
KNO, at a concentration of 0.32 mM each (Expt 1) or 0.4 
mM KNO, or/and 0.6 mM KNO, (Expt. 2) Samples were 
withdrawn at different times, filtered (Millipore HA 0.45 pm), 
and the remaining substrates determined ın the filtrates [13,14] 


Expt Addition Substrate taken up (nmol/ 
ng chlorophyll per 25 min) 
NOS NO, 
1 KNO, 121 ~ 
KNO, ~ 107 
KNO,, KNO, a 6.4 
2 MSX, KNO, 16.0 ~ 
MSX, KNO, - 210 
MSX, KNO,, 
KNO, 12.5 15.6 


reduction of the substrates. 

Because in A. nidulans both nitrate reductase 
and nitrite reductase use reduced ferredoxin as the 
physiological electron donor [8], a competition 
between the enzymes for reductant could account 
for the observed competitive interaction above 
described. Alternatively, competition might take 
place at the level of substrate transport into the 
cell. To decide between these two possibilities, 
cells devoid of nitrate reductase or nitrite re- 
ductase have been used in studies of the effect of 
nitrate on nitrite uptake and vice versa. 

Cells of Anacystis nidulans L 1402-1 essentially 
devoid of active nitrate reductase but with full 
activity of other components of the nitrate assimi- 
lating system were obtained by treatment with 
tungstate as described in Ref. 9. Nitrate reductase 
activity [10] in these cells was only 0.02 mU/yug 
chlorophyll (chlorophyll measured as in Ref. 11), 
which represents about 0.5% of the activity level 
of normal untreated cells. The tungstate-treated 
cells exhibited high rates of nitrite uptake and 
reduction, whereas they did not show any detecta- 
ble nitrate utilization activity. Nitrite uptake by 
these cells was effectively inhibited by nitrate, 


however (Table II), suggesting an effect at the 
level of nitrite transport, since nitrate could not be 
reduced, which excludes a competition at the re- 
duction stage. The extent of the inhibition of 
nitrite uptake caused by nitrate depended on the 
pH of the outer medium, increasing with the al- 
kalinization of the medium (Table II). This pat- 
tern of inhibition resembles the activity profile 
with respect to pH of the active nitrite transport 
system [6], supporting the contention of the active 
transport of nitrite as the likely target of the 
nitrate effect on nitrite uptake. Increasing the 
nitrate concentration in the medium resulted in 
enhanced inhibition of nitrite uptake. Under con- 
ditions in which nitrite uptake takes place almost 
exclusively via the active transport system (L- 
methionine-D,L-sulfoximine-treated cells, pH 9.6; 
see Ref. 6), nitrate at 20 mM concentration caused 
95% inhibition of the utilization of 0.2 mM nitrite 
(data not shown). 

The effect of nitrate on nitrite uptake has also 
been studied in a nitrate reductase-defective 
mutant of A. nidulans. This mutant (strain FM10), 
which will be described in detail elsewhere, is a 
derivative of Anacystis nidulans R2 (a strain closely 
related to A. nidulans L 1402-1; Ref. 2) obtained 
by transposon mutagenesis by the method de- 
scribed by Kuhlemeier et al. [12]. Nitrate re- 
ductase level in nitrite-grown cells of strain FM10 


TABLE II 


NITRATE INHIBITION OF NITRITE UPTAKE IN 
TUNGSTATE-TREATED A. NIDULANS CELLS 


Ammonium-grown cells were treated with 1 mM sodium tung- 
state and the mitrate utilization system induced in the presence 
of nitrate and tungstate as described ın Ref. 9 The cells were 
harvested and resuspended (11 pg chlorophyll/ml) in 25 mM 
Mops-NaOH buffer (pH 7.2), 25 mM Tricine-NaOH buffer 
(pH 8.1), or 25 mM glycine-NaOH buffer (pH 9.6). The assays 
were started by the addition of 0.2 mM KNO, and carried out 
at 40°C ın the light (100 W/m?), in the absence or in the 
presence of 2 mM KNO3. Samples were withdrawn at different 
times (0-15 min) and the remaining mitrite determined [13] 


pH _ Nitrite uptake (nmol/ Inhibition 
pg chlorophyll per min) by nitrate 
~NO; +NO; (%) 

7.2 1.66 1.17 30 

8.1 1 28 0.56 56 

9.6 129 031 76 


was negligible, below 0.02 mU/pg chlorophyll. 
Nitrate also inhibited nitrite utilization by cells of 
this strain, but no negative effect of nitrate up to 
50 mM on nitrite reductase activity could be ob- 
served (nitrite reductase activity was about 0.8 
mU/pg chlorophyll as estimated in situ in cells 
made permeable with mixed alkyltrimethylam- 
monium bromide [9]). These results again suggest 
that competition between nitrate and nitrite up- 
take does not take place at the reduction stage but 
rather at the level of transport of the anions into 
the cell. 

Results from kinetic studies of the effect of 
nitrate on nitrite uptake by L-methionine-p,L- 
sulfoximine-treated FM10 cells at different nitrite 
concentrations showed that nitrate actually be- 
haves as a competitive inhibitor of nitrite uptake 
(Fig. 1). L-Methionine-p,L-sulfoximine-treated 
cells were used in this experiment in order to 
avoid regulatory interferences resulting from the 
assimilation via glutamine synthetase of the am- 
monium resulting from nitrite reduction (see Refs. 
3 and 6). The calculated K, value for nitrate was 
24 uM, quite close to the K,, value for nitrite of 
nitrite uptake, which was 22 uM (Fig. 1). 


-1 
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Fig. 1. Lineweaver-Burk plot of the effect of nitrite concentra- 
tion on the rate of nitrite uptake by A. mdulans strain FM10 
(defective in nitrate reductase) m the absence (©) or in the 
presence (@) of 025 mM KNO;. Nitrite-grown cells (9 wg 
chlorophyll per ml of 50 mM Tricine-NaOH buffer, pH 8.1) 
were treated with 1 mM L-methionine-p,L-sulfoximme for 15 
min in the light at 40°C After harvesting, the cells were 
resuspended in 25 mM glycine-NaOH buffer (pH 9.6), and the 
nitrite uptake assays were carried out as described ın Table II. 
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The effect of nitrite on nitrate uptake has also 
been investigated. For this study, another transpo- 
son-induced mutant of A. nidulans R2 (strain 
FM2) has been used. Strain FM2 is a nitrite 
reductase-defective mutant exhibiting undetecta- 
ble nitrite reductase level. (Nitrite reductase activ- 
ity of strain R2 estimated as described in Ref. 9 
was about 1 mU/pg chlorophyll.) The effect of 
nitrite on nitrate uptake was tested in cell suspen- 
sions of strain FM2 at pH 9.6, conditions under 
which nitrite uptake takes place almost exclusively 
via the active transport system. Nitrite effectively 
inhibited nitrate uptake in FM2 cells, 1 mM nitrite 
inhibiting the utilization of 0.1 mM nitrate by 75% 
(Table HI). Because nitrite at moderately high 
concentrations is toxic for cyanobacteria, the ef- 
fect of nitrite on [*C]CO, fixation by FM2 cells 
has been tested. No inhibition was detected, the 
CO,-fixation rate being 5.8 nmol/zg chlorophyll 
per min in the absence or in the presence of KNO, 
at concentrations up to 1 mM. These experiments 
show that nitrite inhibition of nitrate utilization in 
Anacystis does not result from a competition for 
reducing equivalents or from non-specific inhibi- 
tion of photosynthetic electron flow which is 
required for nitrate utilization [3,4]. 

The data presented in this paper indicate a 
reciprocal competition between the active trans- 


TABLE III 


NITRITE INHIBITION OF NITRATE UPTAKE BY 
NITRITE REDUCTASE-DEFECTIVE A. NIDULANS 
STRAIN FM2 


Ammonium-grown cells were incubated for 3 h m culture 
medium lacking any added nitrogen source, ın order to induce 
the nitrate-assimilating system The assays were carned out as 
described in Table II and were started by addition of 0.1 mM 
KNO, to cells suspended in 25 mM glycine-NaOH buffer (pH 
9.6), with or without KNO,. At different time intervals sam- 
ples were withdrawn and filtered (Millipore HA-0.45 pm 
filters), the remaining nitrate being measured in the filtrates 
{14]. 


Nitnte added Nitrate uptake 

(mM) (nmol/g chlorophyll per min) 
0 0.34 

0.2 0.25 

0.5 0.13 

1.0 0.09 
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port of nitrate and that of nitrite in the cyanobac- 
terium Anacystis nidulans. These results support 
the contention that in A. nidulans nitrate and 
nitrite might share a common permease for their 
transport into the cell. Our results with Anacystis 
are in contrast to those reported for Neurospora, 
where nitrite behaves as a non-competitive inhibi- 
tor of nitrate uptake [15] and nitrate does not 
inhibit nitrite uptake [16]. However, for the di- 
atom Phaeodactylum, the similarities between 
nitrate and nitrite uptake have led to the sugges- 
tion that both anions may be taken up by the 
same mechanism [17]. 
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Saponin-permeabilised epithelial cells isolated by hyalurodinase incubation from chicken small intestine 
were used to study “°Ca uptake into intracellular stores. At low (6.7 ° 10~7 M) free Ca”* concentration most 
of the Ca** appears to be taken up into non-mitochondrial stores, whilst the mitochondria seem to play a 
major role at high (2° 107° M) Ca?* concentration. Addition of inositol trisphosphate (IP,) causes a rapid 
and reversible release of “Ca from non-mitochondrial stores, with a half-maximal effect of approximately 1 


uM. 


The importance of cytoplasmic Ca?* in the 
regulation of intestinal transport has been well 
established. Studies with both small and large 
intestine have demonstrated that manoeuvres sup- 
posedly affecting cytoplasmic Ca** concentration 
alter transepithelial Na* and C1” transport [1,2]. 
Work with isolated intestinal cells or perfused 
intestine has also demonstrated a dependence of 
K* fluxes upon intracellular Ca**+ [3-5]. The free 
Ca?* concentration of the cytoplasm is thought to 
be determined by the interplay between the rate of 
Ca?+ entry from the extracellular space, the 
pumping of the Ca** out of the cell through the 
plasma membrane and the action of intracellular 
buffering systems. The role of the plasma mem- 
brane systems has been studied using isolated 
plasma membrane vesicles [6]. The ability of in- 
tracellular organelles of intestinal cells to act as 
stores or buffer systems for Ca?* has been ex- 
plored using cells whose plasma membrane had 
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been previously rendered highly permeable [7,8] or 
in subcellular membrane fractions [9,10]. No in- 
formation is available, however, on the possible 
ways by which external stimuli could modify in- 
tracellular Ca?* in transporting enterocytes. It has 
recently become apparent that inositol 1,4,5-tris- 
phosphate (IP,) is produced as a response to ex- 
ternal stimuli in various cell types and that its 
liberation into the cytoplasm is followed by Ca?* 
mobilization from intracellular stores [11,12] but 
no information on this is available for intestinal 
epithelial cells. In the present report we demon- 
strate that inositol 1,4,5-trisphosphate is capable 
of releasing Ca*, probably accumulated in a non- 
mitochondrial store, in transporting intestinal epi- 
thelial cells with highly permeable plasma mem- 
brane. f 

White Leghorn chickens 5—10-weeks old were 
used throughout. Intestinal cells were isolated as 
described in Ref. 13 with minor modifications. 
After isolation cells were washed twice in a mod- 
ified Hank’s buffer and then immediately sus- 
pended in a high K* medium of the following 
composition (mM): 120 KCI, 10 MgCl,, 1.2 
KH,PO,, 1 EGTA, 0.5 mg/ml bovine serum al- 
bumin (BSA) and 25 Tris-Hepes (pH 7.2), that 
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contained 50 pg/ml saponin and incubated for 5 
min at 37°C. This incubation was terminated by 
washing in saponin-free, high potassium medium. 
The cells obtained in this way are defined as 
permeabilised cells. 

Ca** transport experiments were performed in 
cells previously exposed to saponin, a detergent 
that is thought to render the plasma membrane 
permeable by complexing with cholesterol [14]. 
The membranes which contain low amounts of 
cholesterol, such as those of the mitochondria and 
endoplasmic reticulum, do not seem to be affected 
by this treatment. The cell suspension was diluted, 
generally 1 ml of cells plus 4 ml of buffer of the 
following composition (mM): 120 KCl, 10 MgCl, 
1.2 KH,PO,, 5 Tris ATP, 5 sodium phosphocrea- 
tine, 9.5 units/ml creatine phosphokinase, 0.5 
mg/mi bovine serum albumin and 25 Tris-Hepes 
(pH 7.2) which contained in addition “Ca (5 
pCi/ml). Samples of the cell suspension (200 yl) 
were taken at timed intervals to measure “Ca 
content of the cells. These were added to ice-cold 
microcentrifuge tubes containing an upper layer 
of radioactivity-free high potassium solution and a 
lower layer of dense immiscible oil [3] and im- 
mediately centrifuged (20 s, 12000 x g). “Ca in 
the cells was measured by liquid scintillation 
counting. In some experiments Ca?* uptake was 
measured at fixed external free Ca?* concentra- 
tions of 2-1075 M and 6.7-107~’ M obtained 
with the chelators N-hydroxyethylethylenediamine 
triacetic acid (HEDTA) and ethyleneglycol bis( £- 
aminoethyl-N, N’-tetraacetic acid (EGTA), respec- 
tively. The necessary amounts of CaCl, and ligand 
were calculated by iteration using a microcom- 
puter programme [15]. 

As demonstrated previously for rabbit enteroc- 
ytes [7], leaky chicken intestinal epithelial cells 
take up *Ca from a medium mimicking the in- 
tracellular composition (Fig. 1). The upper panel 
shows that rapid uptake occurred at 2-1075 M 
Ca’t, and that this was sensitive to a mixture of 
the mitochondrial blockers oligomycin and 
rotenone. The reduction in uptake was of the 
order of 65%. Addition of the ATPase inhibitor 
vanadate, caused only a very small further de- 
crease in Ca?* uptake. When the free Ca** con- 
centration was reduced to 6.7 -1077 M the inhibi- 
tion by mitochondrial inhibitors was only about 


Sea, content (10° cpm) 





Time (min) 


Fig. 1. Ca uptake by leaky chicken-enterocytes. Cells previ- 
ously permeabilised with saponin were incubated at 37°C and, 
pH 7.2 in a buffer mimicking the intracellular composition and 
containing 5 mM ATP and an ATP-regenerating system. Initial 
free Ca** concentration was either 2-10~°> M (upper panel) or 
67-1077 M (lower panel) obtained by HEDTA and EGTA 
buffering, respectively Incubation solutions contained either 3 
ug/ml oligomycin and 0.5 pg/ml rotenone (A); 3 pg/ml 
oligomycin, 0.5 ug/ml rotenone and 5 mM vanadate (a). 
Control solution (©). 


30%. Addition of vanadate, however, caused a 
further inhibition that lowered uptake to 10% of 
that under control conditions. These results sug- 
gest that, as reported before for rabbit enterocytes 
[8], permeable chicken enterocytes transport Ca**t 
into mitochondrial and non-mitochondrial in- 
tracellular stores. No uptake was observed when 
ATP in the solution was decreased by addition of 
hexokinase and glucose (not shown). Uptake into 
mitochondrial stores was predominant at high (2- 
10~* M) free Ca?* concentration, while the non- 
mitochondrial stores became dominant at lower 
(6.7 -1077 M) free Ca?t. 
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Fig. 2. Effect of IP, on the * Ca content of leaky chicken-enter- 
ocytes Cells were incubated in the same buffer as that used in 
Fig. 1, but with no added Ca?* or chelators. The initial Cat 
concentration was 500 nM as measured with a Ca?*-selective 
electrode Incubations were performed in the absence (lower 
panel) or presence (upper panel) of oligomycin (3 ug/ml) and 
rotenone (0.5 pg/ml). Additions: 5 uM IP,; 107° M Ca?t- 
ionophore A23187. 


To test the effect of the intracellular messenger 
IP., leaky chicken enterocytes were allowed to 
take up “Ca from a solution similar to that in the 
experiments described above but containing no 
added Ca?* or chelators. Fig. 2 shows the time 
course of *Ca uptake, either in the absence of 
inhibitors (lower panel) or when the mitochondrial 
inhibitors rotenone and oligomycin were present 
in the medium (upper panel). Under both condi- 
tions addition of IP, induced a rapid and transient 
release of accumulated “Ca. The decrease in “Ca 
associated with the cells was from 19.5 + 1.5 to 
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10 + 1.4 10? cpm (P <0.01 by paired t-test) and 
from 310 + 30 to 232+ 28 10° cpm (P < 0.05 by 
paired t-test) in the presence and absence of in- 
hibitors, respectively (means + S.E., n = 4). Most 
of this Ca?* was lost within the first minute of 
stimulation with IP,. The magnitude of the release 
was similar in both situations but the re-uptake 
process was slower in the inhibited cells. Release 
of accumulated *Ca could also be induced by 
addition of the calcium-ionophore A23187, sug- 
gesting that *Ca sequestration was in a mem- 
brane-enclosed compartment. Substances with no 
effect included Inositol 1,4-bisphosphate (IP,, 10 
pM) and myo-inositol (20 M). Similar results 
were obtained with rabbit enterocytes with highly 
permeable plasma membranes (not shown). The 
concentration-dependence of IP,-induced “Ca re- 
lease from leaky chicken enterocytes in the pres- 
ence of mitochondrial inhibitors is shown in Fig. 
3. A maximal release of 51+ 7 percent of the 
accumulated **Ca was extrapolated assuming that 
the relationship between release and IP, con- 
centration was a rectangular hyperbola. The con- 
centration of IP, giving half maximal release was 
1.0+0.4 pM (mean + 5.D. of four separate ex- 
periments). This value is similar to the half-maxi- 
mal concentrations previously described for other 
cell types [12]. 
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Fig. 3. Concentration-dependence of IP,-induced * Ca release 
from leaky epithelial cells isolated from chicken intestine. 
Saponin-treated cells were incubated in the presence of “Ca 
for 20 min as described for the upper panel of Fig. 2. Percent 
release indicates the percent of total accumulated “Ca lost by 
the cells upon addition of the appropriate concentration of IP, 
and 1s based on the maxrmal loss of “Ca occurring after 
addition; this was usually one minute after IP; addition. 
Results are means of four separate experiments. 


116 


Release of Ca** under the effect of IP, could 
also be shown by monitoring ambient free Ca?* 
concentration in the presence of leaky cells, with a 
Ca’*-selective electrode [8]. In these experiments 
release is assessed by comparison between eleva- 
tion in Ca** concentration induced by IP, with 
that observed upon direct addition of known 
amounts of CaCl,. These measurements (not 
shown) revealed that 5 uM IP, evoked the release 
of about 2.4 nmol Ca per mg of cell protein. 

Intracellular Ca** has been proposed to play a 
crucial role in regulating intestinal transport, and 
there are numerous recent reports showing that in 
many cells IP, is an important link between recep- 
tor-agonists binding and Cat mobilisation from 
intracellular stores [11,12]. The fact that IP, pro- 
duces Ca** mobilisation in leaky enterocytes sug- 
gests that this compound might act in these cells 
as an intracellular signal mediating the response of 
the intestine to external stimuli, such as secreta- 
gogues, which are known to be Ca**t-dependent 
[1,2]. In addition this effector might be the signal 
involved in intestinal transport regulation events 
which appear to be accompanied by Ca** 
mobilisation [16]. 

Part of this work was presented at the April 
1986 meeting of the Physiological Society [17]. 

We thank Dr. Robin Irvine for the supply of 
IP, and IP, and to Dr. C.J.M. Nicol for making 


his computer programme available to us. A.I. 
acknowledges the support of the Junta de Anda- 
lucia and the British Council Acciones Integradas 
travel grant. 
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A simple and quick method for the preparation of small unilamellar vesicles (SUV) was developed. SUV 
are spontaneously formed by swelling of the specially prepared phospholipid film in water / buffer. Normally, 
large multilamellar vesicles (MLV) are formed when a phospholipid film is dissolved in water. To prevent the 
formation. of multilamellar structures we used the slightly charged phospholipids which exhibit infinite 
swelling while the formation of large structures was prevented by the deposition of the phospholipid film on 
the support with small surfaces. These two requirements were met by mixing a small amount of ionic 
detergent into phospholipid which was deposited on microcrystals. The size and size distribution of the 
produced vesicles depend on the size and homogeneity of the microcrystals. When 1.5 wt% of cetyltetra- 
methylammonium bromide (CTAB) in egg yolk phosphatidylcholine was deposited on zeolite X microcrystals 
with crystallite sizes of approx. 0.4 um a homogeneous population of vesicles with average diameter 21.5 nm 


was obtained. 


Phospholipid vesicles can be prepared by many 
different techniques [1,2]. The most frequently 
used are sonication [3] or French press extrusion 
[4] of MLV, removal of detergent from phos- 
pholipid-detergent mixed micelles by dilution [5], 
chromatography [6], dialysis [7], or absorption [8], 
injection of phospholipid dissolved in the organic 
solvent into aqueous solution under controlled 
conditions [9], cyclic titration of dispersions of 
phospholipid mixed with charged lipids [10], or 
depleting the organic phase from water in oil 
emulsion of phospholipid and water in an organic 
phase [11]. 

All these techniques require rather demanding 
laboratory equipment and operations. Therefore 


Abbreviations: SUV, small unilamellar vesicles; MLV, multi- 
lamellar vesicles; LUV, large unilamellar vesicles; PC, phos- 
phatidylcholine; CTAB, cetyltetramethylammonium bromide. 


Correspondence: Dr. D.D. Lasič, Boris Kidrič Institute of 
Chemistry, P.O. Box 30, 61115 Ljubjana, Yugoslavia. 


our aim was the spontaneous formation of SUV, 
resembling the spontaneous formation of MLV, 
only by swelling of the phospholipid film in water. 
It was suggested that vesicles are formed by 
bending and vesiculation of small bilayered phos- 
pholipid flakes [12] which are formed by different 
preparation techniques in a different way [13]. 
When isoelectric phospholipid film is swelling 
in water/buffer the bunches of lamellae peel off 
and close upon themselves to protect the exposed 
hydrocarbon chains at their edges from water and 
large MLV are formed [14]. However, if LUV are 
desired repulsion between the lamellae has to be 
induced. This can be done by charging the surfaces 
of the lamellae because charged bilayers exhibit 
infinite swelling [15-18]. To reduce the size of 
lamellae (bilayered phospholipid flakes which peel 
off when the system is swelling) one must reduce 
the dimensions of the support on which the film is 
deposited. This can be done by replacing the 
round bottomed glass flask with a support offer- 
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ing much smaller surfaces. This was achieved in yolk PC) mixed with 1.5 wt% of cetyltetramethy- 
the following way. lammonium bromide (CTAB) in CHCI,/CH,OH 
We deposited egg yolk phosphatidylcholine (egg on various supports. Besides blank samples (egg 





C 100 n m D 100 n m 


Fig. 1. Negative staining EM micrographs of vesicles formed by resuspending the egg yolk PC film with 1.5 wt% CTAB deposited on 
A: glass wool (Sample III), B: silica gel (Sample IV), C: zeolite ZSM 5 (Sample V) and D: zeolite X (Sample VI) in water. The 
samples were stained with 2% potassium phosphotunagstate 


yolk PC alone on the round bottomed flask, Sam- 
ple I and egg yolk PC/ CTAB on the round bot- 
tomed flask, Sample II) we deposited this mixture 
on glass wool (Sample IID, silica gel powder 
(Sample IV) and the microcrystals of. zeolite ZSM5 
(Sample V, size of crystallites 3 um) and zeolite X 
(Sample VI, size approx. 0.4 4m). For additional 
reference, pure egg yolk PC was deposited on 
zeolite X (Sample VII). Normally 2-5 mg of the 
phospholipid mixture (1.5 wt% of CTAB) was 
deposited on 0.5-1 g of the support. After re- 
moval of the organic phase (overnight at 107? 
torr) the system was resuspended by shaking or 
stirring in distilled water or 5 mM NaCl to the 
concentration of 1-2 mg/ml. The vesicle solution 
was decanted (to increase the yield and save time 
a desk top centrifuge can be used). The losses due 
to adsorption of water on silica gel and zeolites 
are negligible (powders were handled at normal 
humidity) but wetting of the powder results in 
losses less than 5 wt% of the weight of the added 
powder. Losses due to the adsorption of phos- 
pholipid on the supports are 10—20% in- the case 
of glass wool, zeolite ZSM 5, approx. 70% in the 
case of silica gel, and above 95% in the case of 
zeolite X. 
_ After the support was removed the solutions of 
vesicles were investigated. All were turbid with the 
turbidity (naked eye and laser beam) decreasing in 
the order I > VII > I = H > IV > V > VI. The 
values of the absorbance (A) at 330 nm are shown 
in Table I. The concentration of phosphorus in 
_ these solutions was also determined to monitor the 
losses due to the absorption of egg yolk PC on the 
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support and to normalize the measured A (see 
Table I). 

The produced vesicles were also investigated by 
negative staining electron microscopy (EM) and 
gel permeation chromatography (GC). To increase 
the resolution of GC we used Sephacryl $1000 gel 
medium [19]. The EM micrograph of the egg yolk 
PC dispersion (Sample I) shows typical multi- 
lamellar structures [14] which are very large and 
heterogeneous in size. Sample II shows big multi- 
lamellar structures and also some SUV [17]. The 
micrographs of samples II-VI are shown in Figs. 
1A-—D, respectively. The histograms of the corre- 
sponding samples, which were counted on differ- 
ent grids of different sample preparations, are 
shown in Figs. 2A—D. The histograms of egg yolk 
PC/CTAB film on glass wall (Sample IT) and egg 
yolk PC on zeolite X (Sample VIT) also are sfiown 
in Fig. 2. E and F, respectively, while the histo- 
gram of I is not shown because the extremely 
heterogeneous sample has particles with diameters 
with diameters from approx. 0.1 to approx. 10 um 
[14]. Figs. 1 and 2 show that with the decreasing 
size of the support the size of the produced vesicles 
also decreases while the homogeneity of the pro- 
duced vesicles increases. These results were con- 
firmed by gel chromatography. The elution pro- 
files are shown in Fig. 3 and the radu of the 
vesicles calculated from the calibration curve, are 
listed in Table I. The shapes of the curves give 
also some qualitative estimates of the size distribu- 
tion of vesicles although the linewidth cannot be a 
quantitative measure for the size distribution of 
particles [20]. However, the elution profiles of 


SOME PHYSICAL AND CHEMICAL PROPERTIES OF THE PRODUCED VESICLES 
EYC, egg yolk PC; EM, electron microscopy; GC, gel permeation chromatography. 


Property SampleI Sample’ Sample II | SampleIV | SampleV Sample VI | Sample VI. __ 


Property Sample I Sample MI 

support EYL EYL/CTAB EYL/CTAB 
glass wall glass wall , glass wool 

2r (am) (EM) 100-10000 80-500 30-200 

2r (nm) (GC) > 300 4 ay 

Homogeneity no no no 

A 330000 2.53 1.116 1.038 

Cry (mg/ml) 2.1 1.64 1.53 


A/C 1.2 0.68 0.68 


Sample IV Sample V Sample VI Sample VII 
EYL/CTAB EYL/CTAB EYL/CTAB EYL 
silica gel zeolite ZSM zeolite X zeolite X 
50 25.0 21.5 25-100 
90-20 29 22 — 
bad intermediate good no 

0.099 0.329 0.014 1.99 

0.31 1.50 0.07 - 

0.32 0.22 0.20 =- 
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Fig. 2. The histograms of size distribution of the samples III (A), IV (B). V (C) and VI (D); E: sample VII (egg yolk PC deposited on 


zeolite X) and F: sample II (phospholipid film on glass wall). 


samples I, IV, V and VI show that the vesicles of 
samples V and VI are rather small and homoge- 
neous, sample IV is a mixture of large and small 
vesicles while sample I has practically only large 
structures (most of the phospholipid material ac- 
tually stayed on the top of the column and even 
clogged it). SUV (samples V and VI) are stable at 


ABSORBANCE (arb units) 





EFFLUENT (g) 


Fig. 3. Elution patterns on the Sephacryl $1000 column (39 x 0.7 
cm, flow rate 6 ml/h, presatured with egg yolk PC) for four 
preparations: A, sample I (egg yolk PC on glass wall): B, 
sample IV (phospholipid film on silica gel); C, sample V 
(zeolite ZSM 5); and D, sample VI (zeolite X). 


least for several days at 20°C as confirmed by 
constant A readings and reproducible EM micro- 
graphs. 

It is probable that many characteristics of the 
produced vesicles could be varied by changing of 
the support for the deposited phospholipid film. 
In addition to the size (and homogeneity) of the 
support the hydrophobicity of the support could 
also be varied. In our case the hydrophobicity of 
all supports is rather similar except of the zeolite 
X where a large ratio Al,O,/SiO, makes it even 
more hydrophilic than other materials which are 
composed predominantly from SiQ,. 

The main characteristics of the support must be 
chemical inertness towards all substances used in 
the preparation process, small size of the micro- 
crystals and low adsorption capacity. The last 
requirement is not satisfactory in using zeolite X 
which has a very large adsorption capacity (size of 
cages approx. 1.3 nm, channels approx. 0.74 nm) 
[21]. Below the saturation limit of adsorption (ap- 
prox. 1 mg egg yolk PC/1.8 mg zeolite X) the 
yield is very low (< 5%) while above this limit it 


begins to increase. However, the fraction of LUV 
and MLV, which also are at lower ratios negligi- 
ble, begin to increase indicating that the lipid film 
has coated several microcrystals. Zeolite ZSM5 
has smaller channels (0.5—0.55 nm and no cages) 
[21] and this results in larger yield (about 70-80%). 
The use of zeolite A (channels 0.42 nm, cages 1.14 
nm) and sodalite (channels 0.22 nm, cages 0.6 nm) 
[21] also results in larger yields (about 40 and 55%, 
respectively). Preliminary results show that vesicle 
populations are heterogeneous in size probably 
due to the undefined size of the support or slightly 
higher values of pH in these suspensions. On the 
other hand, amorphous silica powders cannot be 
used due to their thixotropic behaviour while we 
have not yet been able to obtain small and uni- 
form crystals of quartz. 

Changes may also be expected by changing the 
swelling behaviour of the phospholipid film, which 
_ can be varied from finite to infinite, depending on 

the surface charge [15—18]. i 

To investigate the permeability properties we 
also have used y-Al,O, for support (size of crys- 
tallites approx. 1 pm) where larger yield (approx. 
80%) enables trapped volume and NMR measure- 
ments. These samples show wide size distribution; 
besides SUV there are also LUV and some MLYV, 
as determined by EM and phase contrast optical 
microscopy. 'H high-resolution NMR spectrum of 
.these vesicles is shown in Fig. 4. The addition of 
paramagnetic shift reagents (3 mM EuCl,, 3 mM 


rE 
| cemeaaeenemem | 
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Fig. 4. 90 MHz 'H-NMR of vesicles (6 mM egg yolk PC with 
1.5 wt% CTAB) which were obtained by swelling of the lipid 
film deposited on Al,O, (10 mg of lipid was deposited on 0.5 g 
Al,0,) and resuspended with 1.3 ml 7H,0). 
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PrCl,) does not split the N(CH,), signal. This 
indicates that vesicles are permeable to cations 
what can be expected from the presence of deter- 
gent. Trapped volume measurements by ESR 
(water soluble spin label and bleaching agent 
[Cr(C,0,),]~*), show, on the other hand, that 
vesicles are impermeable to this anion. The mea- 
sured value of the trapped volume 0.67 litre per 
mol of phospholipid, which corresponds to the 
average diameter of approx. 35 nm of the hypo- 
thetic monodisperse sample, cannot be used to 
calculate the vesicle size because the vesicles are 
rather heterogeneous and a few bigger structures 
were also observed by optical microscopy. The 
permeability of vesicles induced by CTAB within 
the bilayers can be eliminated by mixing charged 
phospholipids instead of ionic detergents, into the 
bilayer. Permeability studies of mixed egg yolk 
PC/ phosphatidic acid vesicles [22,23] show that 
their permeability is similar to egg yolk PC vesicles 
prepared by sonication. 

In addition to the novelty, simplicity and rapid- 
ness of this method for the preparation of vesicles, 
the results obtained also shed some light on the 
mechanism of the vesicle formation.These results 


, are in agreement with the proposed model where a 


bilayered phospholipid flake is an intermediate 
structure in the vesicle formation process [12,13]. 
Because the surface area of the support was several 
times larger than the area of the phospholipid film 
we can assume that the phospholipid film was 
deposited more or less as a monolayer. The swell- 
ing and peeling of the film produced bilayered 
phospholipid flakes which bend and close upon - 
themselves due to their instability at the edges. 
The results of this work, considering the size and 
homogeneity of the produced vesicles, are in 
qualitative agreement with the proposed model. 
On the basis of these findings and with proper 
variation of the experimental parameters LUV 
could also be probably produced. 

Besides their permeability to cations the pro- 
duced vesicles are similar to SUV prepared by 
sonication or by detergent (sodium cholate) re- 
moval. The advantage of these two techniques are 
higher concentrations of the produced vesicles. 
The yield of egg yolk PC (mass of resuspended egg 
yolk PC as SUV/mass of deposited egg yolk PC) 
is in the case of zeolite X very low but with 
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another support it can increase. The advantage of 
this method is its simplicity and therefore avoi- 
dance of sonication, organic solvents, detergents 
(by the use of charged phospholipid), or pH 
changes what makes it very suitable for the drug 
or genetic material encapsulation. The subjects of 
our present studies are to increase the yield, in- 
crease the concentration of vesicles and additional 
physicochemical characterizations of the sponta- 
neously formed SUV. 

The authors are thankful to Professor D. Hada 
for the critical reading of the manuscript, Dr. M. 
Pšeničnik for the EM micrographs and Mss. M.T. 
Lešnjak, M.Sc., for synthesis of the inorganic 
materials. One of us (D.D.L.) is indebted to Pro- 
fessor H. Hauser for helpful discussions. 
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Time-resolved X-ray diffraction is used to demonstrate that for certain lipids low temperature alone may not 
be sufficient to bring about changes in mesomorphic phase state. However, when combined with slow 
freezing of the aqueous substrate, the fluid bilayer phase is destabilized as a result of dehydration, and thus 
more prone to undergoing deleterious thermotropic phase transformations. The cryobiological relevance of 


these results is discussed. 


The systematic study of the physiochemical 
properties of lipids promises an understanding of 
lipid phase relations in cellular membranes and in 
other biological and reconstituted lipid aggregates. 
The lipid fraction of natural membranes consists 
of a vast array of different lipid species each with 
their own unique thermotropic, lyotropic and mis- 
cibility properties. The behavior of the native 
membrane reflects to some extent the behavior of 
its individual components. To understand how the 
biomembrane responds to environmental stresses 
such as extremes of temperature and hydration we 
must first of all establish the behavior of the 
individual lipid components in isolation and sub- 
sequently in more complex mixtures under similar 
conditions [1]. 

In the present study the combined and separate 
effects of temperature and hydration on the meso- 
morphic phase properties of membrane lipids is 
addressed. It is shown that slow freezing causes 
dehydration and that for phospholipids with suita- 
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bly poised transition temperatures (7,), this can 
effect a direct lyotropic (solvent-induced) lamellar 
liquid crystal-to-gel phase transformation. Such an 
effect occurring in a native biological membrane 
could trigger undesirable, possibly irreversible, 
lateral phase separations in the plane of the mem- 
brane or simply destabilize the bilayer structure 
leading to loss of trans-membrane electrical poten- 
tial and eventually to cell death. 

In this study time-resolved X-ray diffraction 
(TRXRD) [2-4] is used and is shown to be an 
effective and revealing method for monitoring the 
combined and separate effects of temperature and 
freezing on the mesomorphic phase properties of 
hydrated dioleoylphosphatidylserine (DOPS). The 
method reports directly and continuously on the 
phase state and degree of hydration of the lipid, 
and the phase state of the suspending aqueous 
medium. Thermal events occurring during the 
heating and cooling scans are monitored simulta- 
neously by recording sample temperature. 

Time-resolved X-ray diffraction was used to 
decipher the structural rearrangements undergone 
when fully hydrated DOPS is cycled in tempera- 
ture between 20°C and — 25°C. Static measure- 
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Fig. 1. X-Ray diffraction patterns from fully hydrated dioleoylphosphatidylsernine above and below the freezing (— 18°C) and melting 
( ~ 0°C) temperature of the aqueous phase. Samples were slowly ( < 6 K/min) cooled to <= — 25°C and subsequently warmed to the 
temperature indicated. At —6°C, the arrowed reflections correspond to lipid peaks at (5.5 nm)‘, (2.75 nm) +, (1.83 nm) ', and 
about (0.46 nm) * and to ice peaks at (0.39 nm) ‘|, (0.366 nm) ' and (0.346 nm) '. The lipid, obtained from Avanti Polar Lipids, 
Inc., gave a single spot by thin-layer chromatography [2] and was used without further purification, lt was dispersed at approx. 20 
mM lipid in excess buffer (0.1 M KC1/0.01 M Hepes (pH 7)) by vortexing at room temperature in an argon atmosphere and 
concentrated by centrifugation [2,5]. The hydrated lipid pellet was transferred to a thin-walled (10 um) capillary (1 mm internal 
diameter, Supper), flame-sealed under argon and hermetically sealed with 5-min epoxy. X-Ray diffraction measurements were carried 
out on the A-1 line at the Cornell High Energy Synchrotron Source as previously described [2-5]. Sample temperature was controlled 
by using a gas crystal heating/cooling system. A thermocouple positioned outside but touching the capillary next to the X-ray beam 
was used to record sample temperature [2]. Placing the thermocouple inside the capillary essentially eliminated undercooling and 
resulted in ice formation upon cooling at close to 0°C. Static diffraction patterns were recorded on X-ray sensitive polaroid film 
(Polaroid, Type 57) with an exposure time of 2 mim, a sample-to-film distance of 46 mm, and a 0.3 mm collimator (Supper) 











Fig. 2. (A) Heating and cooling curve for hydrated di- 
oleoylphosphatidylserine. A schematic view of phase changes 
undergone by the lipid and aqueous components of the system 
is also included. Linearity along the time and temperature axis 
is not implied. The figure incorporates time-resolved and static 
. X-ray diffraction data along with measurements of elapsed 
' time and sample temperature. The following notation is used: 
l , and @ @ denote the lamellar liquid crystal and 
gel phases, respectively; ——-—, gel/liquid crystal phase 
coexistence; +, ice; w, water. The points labelled A-D corre- 
spond to the temperatures at which the diffraction patterns in 
Fig. 1 were recorded. (B) An interpretation of the effects of 
freezing and low temperature on the phase properties of di- 
oleoylphosphatidylserine in terms of a typical temperature / 
composition isobaric phase diagram (see for example, Ref. 7). 
The sample begins at high temperature in the fully hydrated L „ 
phase. Cooling procedes down to -18°C at which point water 
freezes. In so doing it dehydrates the lipid effecting a disorder- 
to-order transition in the vicinity of —18°C. Warming the 
sample facilitates an order-to-disorder transition in the pres- 
ence of ice at — 10°C. At 0°C, ice melts and the lipid imbibes 
water to restore the original fully hydrated L, phase. The 
important point to note is that a higher transition temperature 
is Observed in the heating compared to the cooling direction 
which reflects the lower hydration level of the lipid in the 
presence of ice. 
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ments were made using X-ray sensitive polaroid 
film at intervals during the thermal cycles [5]. The 
lipid was dispersed in an excess of aqueous buffer 
(pH 7) as described in the legend to Fig. 1. 

A summary of the experimental observations 
along with an interpretation of the results are 
presented in Fig. 2. At 20°C and in the presence 
of excess aqueous substrate electrostatic repulsion 
causes the liquid crystalline DOPS bilayers to 
separate and the interbilayer region to imbibe 
large quantities of fluid. This corresponds to the 
swollen or fully hydrated lamellar liquid crystal 
(La) phase [7]. The corresponding diffraction pat- 
tern from this phase is shown in Fig. 1. It consists 
of a series of diffuse continuous low-angle peaks 
accompanied by a broad peak centered at (0.46 
nm)~? arising from the disordered acyl chains and 
a broad water peak at approx. (0.33 nm)~! [8+12]. 
Upon slowly cooling the sample, the above condi- 
tion is maintained in that no phase change occurs 
down to —18°C in the presence of an under- 
cooled aqueous substrate. At — 18°C, ice crystals 
spontaneously form, the system experiences a re- 
duction in available water and the lipid undergoes 
dehydration. During freezing, the latent heat of 
crystallization released (recalescence) raises sam- 


. ple temperature and upon continued cooling sam- 


ple temperature slowly decreases. At about 
~ 16°C, the phase state of the lipid undergoes a 
dramatic change from liquid crystalline-to-gel cor- 
responding to the direct lyotrope-induced trans- 
formation. The diffraction pattern below —16°C 
(cf. Fig. 1) shows a series of sharp reflections in 
the low-angle region and a sharp line at (0.42 
nm)~! characteristic of ordered or gel-like acyl 
chain packing. Also present in the diffraction pat- 
tern are the tell-tale spotty reflections from hexag- 
onal ice at > (0.3 nm)~* [13]. Further cooling to 
—25°C does not noticeably change the system 
from that of a dehydrated or partially dehydrated 
(referred to as low moisture) gel phase lipid in the 
presence of ice. 

If the sample is now warmed, very little occurs 
(see Fig. 1) until the system reaches —10.5°C. At 
this temperature the lipid undergoes a reversible 
thermotropic chain ‘melting’ transition from the 
low moisture gel to the low moisture L, phase in 
the presence of ice. Note that this transition oc- 
curs some 5-6 K above the 7, recorded upon 
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sample cooling, a result which is in agreement 
with the expected behavior of desiccation raising 
the chain ‘melting’ T, [7-10]. That this difference 
is due to undercooling of the lipid transition seems 
unlikely in view of the current evidence. In the 
vicinity of the 7,, changes are seen to occur in 
both the low- and wide-angle regions of the dif- 
fraction pattern (cf. Fig. 1). 

At —6°C in the L, phase the diffraction pat- 
tern reveals a lamellar repeat spacing of 5.50 nm 
(Fig. 1). The corresponding wide-angle region con- 
tains a diffuse liquid crystalline peak centered at 
approx. (0.46 nm)~! along with characteristic ice 
crystal reflections. This suggests that the lipid is 
only partially hydrated given a bilayer thickness 
increment of 0.105 nm/methylene group in the L, 
phase, a water layer thickness increment of 0.16 
nm/water molecule and a glycerophosphorylserine 
headgroup thickness of about 0.7 nm [7,14]. 

As sample temperature rises it was observed in 
the time-resolved diffraction patterns that the ice 
crystals become noticeably mobile beginning at T, 
as evidenced by fluctuations in intensity of the 
individual ice reflections. These fluctuations be- 
come progressively more rapid and dramatic with 
temperature up to 0°C at which point ice melting 
is complete. As the ice melts and water becomes 
-available the low moisture L, phase imbibes water 
and swells to restore the original condition of the 
fully hydrated L, phase. 

The temperature of ice crystal formation was 
repeatedly found to occur in this and similar lipid 
systems in the vicinity of —18°C (unpublished 
data). Interestingly, if ice formation is nucleated 
at -—11:1°C, the fluid lipid phase persists for 
many (up to 15) minutes in the presence of ice. 
Following this protocol, cooling effects the dis- 
order-to-order transition at approx. — 15°C. 

These results demonstrate that freezing reduces 
water activity which in turn can bring about lipid 
dehydration. It is noted in this regard that ice at 
—20°C in a one-component system has a vapor 
pressure equal to that of a 10.8 osmolal solution 
and is capable of exerting an equivalent osmotic 
pressure of 244 bars (241 atm, 2.44 dyn/cm’, 
~ 24 MPa) [15]. In the case of certain lipids a 
freeze-induced dehydration occurring at the ap- 
propriate temperature, of and by itself, can induce 
a liquid crystal-to-gel phase transformation. 


Worthy of note in this connection is (1) the re- 
versibility of the chain melting transition at 
—10.5°C in the presence of ice, and (2) the ob- 
servation that ice crystal formation precedes the 
appearance of the gel phase lipid upon cooling. 
This precludes gel phase formation acting to tri- 
gger ice crystallization. The latter possibility is not 
unreasonable given that an organized ‘rigid’ lattice 
such as exists at the gel phase lipid/water inter- 
face is more likely to act as a heterogeneous ice 
nucleation site than is the fluid surface that ob- 
tains at the lipid/water interface of the L, phase. 
This ties in with the fact that heterogeneous 
nucleation of ice can be prevented by emulsifying 
water as small droplets in an inert carrier fluid 
[16]. 

Throughout these measurements samples were 
slowly cooled and frozen in contrast to an ultra- 
rapid freezing protocol which would fix the system 
in the fully hydrated, swollen state. This slow 
cooling approach facilitates extramembranal ice 
formation and the local condensation of stacked 
membranes [17,18]. 

These results have far reaching implications 
when considered from a cryobiological perspec- 
tive. Organisms, subcellular organelles, isolated 
membranes and other lipid-rich systems that are 
exposed to low temperatures may be in a position 
to resist or to tolerate such a stress by virtue of 
their lipid composition. If, however, in addition to 
low temperature, a freezing stress is imposed, the 
lipid components may no longer be able to with- 
stand the low temperatures because of the freeze- 
induced dehydration which destabilizes the lamel- 
lar liquid crystal in favor of the gel. phase. A 
lyotropic bilayer-to-nonbilayer transition is also 
possible since in a variety of lipid systems low 
moisture stabilizes the nonbilayer phases [2,8,9,19]. 
In either case, the lipid mesomorphic phase change 
is likely to profoundly influence membrane struc- 
ture and thus function. 

The knowledge that water freezing can be ef- 
fected in the hydrated DOPS system by nucleating 
at — 11°C without an accompanying mesomorphic 


phase transformation has been put to use in ex- 


periments where a freeze-thaw method is em- 
ployed to equilibrate metal ions in aqueous disper- 
sions of DOPS [20]. Multiple freeze-thaw cycling 
between 22°C and —11.1°C effectively 


equilibrates Ca?* ions without inducing a thermo- 
tropic or lyotropic phase transition which could 
conceivably alter the properties of the PS-Ca** 
complex. 
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Biochimica et Biophysica Acta: 40 years on 





Professor H.G.K. Westenbrink 


Biochimica et Biophysica Acta, the first truly 
international journal in the field of biochemistry 
and biophysics, and now undoubtedly one of the 
largest, is celebrating its 40th anniversary with this 
issue. 

The journal was founded in 1947 by Professor 
H.G.K. Westenbrink, who remained Managing 
Editor of the journal until 1964. He was succeeded 
by Professor E.C. Slater, who was able to fulfil 
this function until his recent retirement as Chair- 
man of the Board of Managing Editors. Professor 


The photograph of E.C. Slater is reproduced by permission of 
Godfrey Argent, U.K.. photographers. 


Professor E.C. Slater 


Slater was encouraged to write a history of BBA, 
recalling its remarkably rapid growth and some ol 
the intricacies involved in the journal's birth and 
early development [1]. 

On the auspicious occasion of the journal's 
40th birthday, the Publisher would like to take the 
opportunity of thanking all those who have played 
an active role in the journal's development, and 
looks forward to further stimulating developments 
over subsequent decades. 
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Effect of chloroquine on the activity of some lysosomal enzymes involved 
in ganglioside degradation 
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Chronic chloroquine treatment of miniature pigs resulted in increased activity of several lysosomal enzymes 
of the liver and brain. The most affected enzyme was a-fucosidase which showed a 3-fold increase in liver 
(P < 0.001) and a 2-fold increase in the brain (P < 0.01). The increased activity of the other lysosomal 
enzymes was generally slightly more pronounced in the liver, in which 8-hexosaminidase, a-mannosidase 
and acid phosphatase were also significantly (P < 0.01) increased. In contrast, chloroquine added in vitro 
reduced the activity of the lysosomal enzymes. Three of these, a-fucosidase, B-hexosaminidase and acid 
phosphatase, were further investigated, and at a drug concentration of 15 mM and optimum pH for each 
respective enzyme, the activity was reduced to 20-30% of the initial value. Kinetic analyses revealed that this 
inhibition was non-competitive with regard to 8-hexosaminidase but competitive with regard to a-fucosidase. 
These results indicate that there is a multifactorial effect of chloroquine on the lysosomal enzymes, and that 
the inhibitory effect of a-fucosidase and B-hexosaminidase might well explain the ganglioside storage found 
in liver and brain. 


Introduction 


Chloroquine is a lysosomotropic drug that ac- 
cumulates selectively in lysosomes [1], used in the 
therapy of rheumatoid diseases and in the pro- 
phylaxis of malaria. Prolonged treatment with 
chloroquine can have serious side effects of which 
the most severe are retinopathy and myopathy 


Abbreviations: ganglioside abbreviations follow the nomencla- 
ture system of Svennerholm, TUPAC-IUP Commission on Bio- 
chemical Nomenclature CBN, The Nomenclature of Lipids 
[20]. GM2, II?(NEuAc).-GgOse,Cer, Fuc-GMl1, IV?Fuc, 
II? NeuAc-GgOse,Cer and Fuc-GDib, IV? Fuc, II? (NewAc),- 
GgOse,Cer 

Correspondence: P. Fredman, Department of Psychiatry and 
Neurochemistry, St Jérgen’s Hospital, 422 03 Hisings Backa, 
Sweden. 


{2—4]. Several studies on the effect of chloroquine 
in man and animals have shown that the affected 
tissues contain lamellated cytoplasmic bodies 
(lysosomal residual bodies) similar to those found 
in inherited lipid storage disorders, like Tay-Sachs 
disease [5]. These findings have led to the expres- 
sion ‘drug-induced lipidoses’ and were thought to 
be an experimental model for the inherited dis- 
orders. 

In three reports [6-8] we have examined lipid 
storage by electron-microscopic, histochemical and 
biochemical methods in various tissues of minia- 
ture pigs, subjected to chronic chloroquine intoxi- 
cation. Nervous tissues, skeletal muscles and 
visceral organs all showed both qualitative and 
quantitative differences of the stored lipids. This 
storage involved gangliosides, neutral glycosphin- 
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golipids and, in the visceral organs, also phos- 
pholipids and cholesterol. Among the ganglio- 
sides, three components, GM2 and the fucose-con- 
taining gangliosides, Fuc-GM1 and Fuc-GD1b, 
increased more than the others. This finding led to 
the assumption that the lysosomal enzymes, %8- 
hexosaminidase, degrading GM2 to GM3, and 
a-fucosidase, degrading Fuc-GM1 and Fuc-GD1b 
to GM1 and GD1b, respectively, were particularly 
sensitive to chloroquine. 

In this study we have measured the in vitro 
effect of chloroquine on the B-hexosaminidase and 
the a-fucosidase activities in relation to some other 
lysosomal enzymes in liver and brain of chloro- 
quine-treated and control pigs. 


Materials and Methods 


Tissue material. The tissue material was liver 
and forebrain from miniature pigs, of the Göttin- 
gen type [9]. Chloroquine was given to the pigs: by 
addition of chloroquine diphosphate (Resorchin? ) 
in doses of 2.0 or 3.0 g/kg fodder. The control 
pigs were given the same standard fodder without 
chloroquine. All data concerning the age, weight 
at death and duration and dose of chloroquine 
treatment of the individual animals are sum- 


TABLE I 
SURVEY OF THE ANIMALS USED IN THE STUDY 


Animal No Age at death Duration of 
(days) treatment 
(days) 
Control 
1 150 -= 
2 223 — 
3 306 - 
4 352 - 
5 359 — 
6 429 - 
Chloroquine-treated 
T 325 212 
8 352 223 
9 360 230 
10 372 219 
11 435 188 
12 486 184 
13 635 349 
14 640 310 


marized in Table I. A brief description of the 
manifestations of the chronic chloroquine intoxi- 
cation in the pigs has been described by Klinghardt 
et al. [6]. The pigs were killed by a shot in the 
medulla oblongata and the tissue was dissected 
immediately after death, placed in air-tight poly- 
ethylene bags, quick frozen and stored at — 20°C 
until analysed. 

Chemicals. 4-methylumbelliferyl derivatives of 
f-D-galactopyranoside, a-D-galactopyranoside, 2- 
acetamido-2-deoxy-8-D-glucopyranoside, a-L- 
fucopyranoside, a-D-mannopyranoside, £-p-glu- 
coronide, a-L-iduronide, and p-glucuronate 
1,4-lactone, phosphate and 4-methylumbelliferone 
were purchased from Koch-Light (Colnbrook, 
U.K.). ['*C]Glucosylceramide was prepared as de- 
scribed by Svennerholm et al. [10]. Sodium 
taurocholate, A grade, was obtained from 
Calbiochem (San Diego, CA) and Cutscum from 
Fischer Scientific Co. (Fair Lawn, NJ). Instagel 
was obtained from Packard Instrument Co., Inc. 
(Downers Grove, NJ). All other chemicals and 
organic solvents were of analytical reagent quality 
and used without purification. 

Preparation of enzyme extracts. All procedures 
were performed at 1-4°C. The tissue was thawed 
and freed from connective tissue and vessels be- 


t 


Dose of Weight at death Tissue 
chloroquine (kg) 

(g/kg diet) 

~ 30 liver 

= ` 53 liver 

- 57 liver, brain 
- 58 liver, bran 
~ 49 liver, brain 
~ 47 liver, brain 
2.0 31 liver 

2.0 55 liver 

20 48 liver 

20 32 brain 
20 55 liver 

3.0 48 liver, brain 
20 74 liver, brain 
30 41 liver, brain 





fore homogenization. Approximately 0.5 g of liver 
and 0.1 g of brain were homogenized in 4.5 ml and 
4.9 ml, respectively, of distilled water in a scissor 
homogenizer for 1 min and then with six strokes 
in a Potter-Elvehjem homogenizer. The homo- 
genate was then centrifuged at 900 x g for 10 min. 
The supernatant was frozen, thawed and ultra- 
sonicated in a water bath ultrasonicator for 1 min. 
The procedure was repeated three times and this 
preparation was used in the studies. 

Protein determination. protein was determined 
by the method of Hartree [11] with bovine serum 
albumin as standard. 

Enzyme assays. A detailed description of the 
conditions for the enzyme assays is given in Table 
II. All the enzymes were determined at 37°C in a 
shaking water bath. The enzymic reactions with 
methylumbelliferyl substrates were stopped by ad- 
dition of 3.0 ml 0.25 M glycine buffer (pH 10.3) 
and the liberated 4-methylumbelliferone was mea- 
sured in a Perkin Elmer MPF 2A spectrofluorime- 
ter with the exitation wavelength at 360 nm and 
the emission wavelength at 448 nm. a-Iduronidase 
was measured in micro-scale and the reaction was 


i 
TABLE II 


stopped with 0.6 ml 0.10 M glycine buffer (pH 
10.7). The B-glucosidase activity was determined 
with [‘*C]glucosylceramide as substrate and the 
reaction was stopped by addition of 2.5 ml of 
chloroform/methanol (2:1, v/v). Thereafter 0.4 
ml 0.1% (w/v) glucose in water was added and the 
two phases were separated by centrifugation. The 
lower phase was removed, and the upper phase 
was washed with 1 ml of theoretical lower phase 
of chloroform/ methanol/water (86:14:1, by 
vol.) solution. Finally 0.5 ml of the upper phase 
was added to 10 ml Instagel and the radioactivity 
was measured by liquid scintillation spectrometry. 

For the studies of the in vitro drug effect, 
chloroquine diphosphate was added in different 
concentrations to homogenates of liver and brain. 
The pH in the assays was adjusted to 5.0 after 
addition of the chloroquine. The other conditions 
in the assays are described in Table IJ. The kinetic 
analysis was performed in the same manner but 
only, one control and one chloroquine-treated pig 
was, Studied. 

Chloroquine assay. Chloroquine and its metab- 
olites, desethylchloroquine and bidesetheyl- 


ASSAY CONDITIONS FOR DETERMINATION OF ENZYMIC ACTIVITY 


MU-, methylumbelliferyl- 


Enzyme Enzyme Buffer Detergent Substrate Incubation Total 
protein (g/) (nmol /}) time volume 
RB) (min) (Hl) 
MU-a-galactosidase 15-50 Acetate 01 M m 50 30 100 
(pH 5.0) 
MU-A-galactosidase 2-20 Lactate 0.05 M = 1.0 10 100 
(pH 3.8) 
Glucosylceramide-B- 10-50 Citrate-phosphate Sodium taurocholate, 2 mM 0.075 60 100 
glucosidase 0.05 mol/l (pH 58) Oleic acid, 1 mM 
MU-N-acetylgiucos- 1-10 Citrate 005 M ~- 5.0 10 100 
amimdase (pH 44) 
(B-hexosamınıdase) 
MU-a-fucosidase 5-50 Acetate 0 05 M -= 10 30 100 
(pH 5.0) 
MU-a-mannosidase 5-50 Acetate 02 M ~ 50 15 200 
(pH 4 0) 
Acid phosphatase 2-30 Acetate 0.2 M ~ 40 15 100 
(pH 5 0) 
MU-a-L-iduronidase 10-25 Formate 0.2 M — 02 60 20 
(pH 33) 
MU-£-glucuronidase 10-30 Acetate 0.2 M — 10 30 100 


(pH 4 0) 


chloroquine were extracted from the tissue with 
chloroform and determined by high-performance 
liquid chromatography as previously described 
[12]. 


Results 


The enzymic activity of lysosomal hydrolases in liver 
and forebrain from chloroquine-treated pigs and con- 
trols 

The specific activity was measured as described 
under ‘Materials and Methods’ at optimum pH 
(Table II) and the results are summarized in Table 
MI. 

The specific activity of four of the seven in- 
vestigated lysosomal enzymes in liver was signifi- 
cantly increased in the chloroquine-treated pigs. 
Most affected was a-fucosidase, which showed a 
3-fold increase (P < 0.001) followed by B-hexosa- 
minidase, acidic phosphatase and a-mannosidase 
with an approximately 2-fold increase. The -in- 
fluence of chloroquine treatment on the activity of 
these enzymes in brain was less pronounced and 
only a-fucosidase showed a significant, 2-fold in- 
crease (P < 0.01). Another difference between liver 
and brain was the effect of chloroguine on a- 
galactosidase. This enzyme was unaffected in the 
liver but significantly increased (P < 0.05) in brain. 


TABLE UI 


TABLE IV 


CONCENTRATION OF CHLOROQUINE AND ITS 
METABOLITES IN LIVER AND CEREBRUM OF CHLO- 
ROQUINE-TREATED MINIATURE PIGS AND CON- 
TROLS 


Surveys of the animals are given in Table I The values are 
mean values of duplicate determinations on the same homo- 
genate CQ, chloroquine; CQM, Desethylchloroquine; CQMM, 
Bidesethylchloroquine; nd, not detectable. 


Animal No. Tissue pmol /g wet tissue 


CQ CQM CQMM 
Control 
4 liver 0.03 0.02 ad 
5 liver 0.03 0.02 n.d 
5 brain nd nd nd 
Chloroquine-treated 
8 liver 0 87 1 04 0 44 
9 liver 1.82 173 0 62 
12 liver 3.87 272 0 54 
13 liver 3.96 385 1 22 
14 liver 8.53 3.11 1.19 
14 brain 016 009 0.02 


In addition to the lysosomal enzymes listed in 
Table III, a-iduronidase and 8-glucuronidase were 
investigated in the liver of two controls and two 
chloroquine-treated animals. The activity was 
higher in the treated pigs than in the controls, 


SPECIFIC ACTIVITY OF LYSOSOMAL ENZYMES IN LIVER AND BRAIN OF CHLOROQUINE-TREATED MINIATURE 


PIGS AND CONTROLS 


The activity (ukat/kg protein) was measured ın the tissue homogenate The incubation was performed under optimum conditions as 
described in Table II The values are means+SD The statistical significance was calculated with the Student’s t-test: *** 0001 


level; ** 001 level; * 005 level. MU-, methylumbellifery]- 


Enzyme Liver Brain 
controls chloroquine- controls chloroquine- 
(n=6) treated (n=4) treated 
(n=7) (n= 4) 
MU-a-galactosidase 537+ 73 5534 75 814+ 12 115+ 18* 
MU -f-galactosidase 120 +39 152 + 42 19.9+ 4.9 23.8+ 58 
Glucosylceramide- 
B-glucosidase 13.64 32 150+ 32 29.1+ 6.9 264+ 2.2 
MU-AN-acetyl-B- 
glucosaminidase 
( 8-hexosamimdase) 385 +68 835 +239 *** 421 +71 S47 +246 
MU-a-fucosidase 29.3+ 70 882+ 26.1 *** 24.6+ 64 56.04 51** 
MU-a-mannosidase 16.24 30 270+ 5.6 ** 37 30 * 
Acid phosphatase 547 +55 1066 +395 ** 344 +67 382 + 90 


- a-iduronidase increasing from 0.81 to 1.28 wkat/kg tion of treatment or drug concentration found in 
protein and -glucuronidase from 41 to 56 the tissue (Table IV). However, those pigs which 
ukat/kg protein. had been given the higher dose, 3.0 g/kg diet, also 

There was no correlation between the increase had the highest specific activity of the most af- 
in specific activity and age, weight at death, dura- fected enzymes, a-fucosidase, N-acetyl-B-hexo- 
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Fig 1 The effect of in vitro addition of chloroquine on the activities of B-hexosarmmidase, a-fucosidase and acid phosphatase in 
homogenates of liver and bram from control mimature pigs The enzymic activities were measured ın five liver and four brain 
homogenates and the values are mean values +$ D. 


saminidase and acid phosphatase, both in liver 
and brain. 


The effect of in vitro addition of chloroquine on 
lysosomal enzymes in liver and brain 

The pH of the incubation mixture was held 
constant (the optimum pH for the respective en- 
zyme as described in Table I) by adjustment after 
the addition of chloroquine. In liver and brain 
homogenates from control pigs the activity of 
three lysosomal enzymes were investigated — a- 
fucosidase, B-hexosaminidase, acid phosphatase ~ 
and the results are presented in Fig. 1 as per- 
centage inhibition of their activity versus chloro- 
quine concentration. 

The activity of all three enzymes was reduced 
by the chhloroquine addition and the inhibition 
curves were most steep in the 0-5 mM interval. 
Further increase of the drug concentration caused 
only a slight reduction of the activities and the 
curves reached a plateau around a chloroquine 
concentration of 15 mM. A complete inhibition of 
the enzyme activities was never reached. 

The in vitro effect of chloroquine on the activ- 
ity of a-fucosidase and B-hexosaminidase in liver 
and brain homogenates from drug-intoxicated pigs 
was also investigated. The initial values of the 
enzyme activities in those pigs were, as expected 
from the values in Table III, higher than those of 
the controls but the effect of chloroquine addition 
was the same in both groups and the inhibition 
curves showed the same profiles as those pre- 
sented in Fig. 1. 


Kinetic analyses of the chloroquine inhibition in vitro 
on the B-hexosaminidase and a-fucosidase activities 
in liver and brain from control pigs 

Enzyme sources were liver and brain homo- 
genates from control pigs and the pH (the opti- 
mum pH for the respective enzyme) was adjusted 
after the addition of chloroquine. 

The effect of chloroquine on £-hexosaminidase 
was a non-competitive inhibition (see Fis. 2) 
regardless of the enzyme source. The K,, values in 
brain and liver homogenates remained constant, 
2.5 mM and 2.9 mM, respectively, after chloro- 
quine addition. In liver homogenate the V aax value 
was reduced from 418 to 288 pkat/mg protein 
and in brain homogenate the corresponding de- 
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Fig 2. Kinetic analyses of the inhibition of chloroquine on. 
B-hexosaminidase and a-fucosidase activities in liver homo- 
genates from control miniature pigs The assays were per- 
formed ın liver homogenate from animal No -3 (Table I), The 
symbols indicate the amount of drug ın the assays: ©, 5 mM; 
@, 2 mM; and a, no chloroqune V =ypkat/kg protein and 
S = mmol 


crease was from 697 to 477 ukat/kg protein — a 
reduction of around 30% in both cases. 

In contrast to the findings with B-hexosamini- 
dase, the effect of chloroquine on a-fucosidase 
was a competitive inhibition (see Fig. 2) and this 
effect was the same on the enzyme from liver and 
brain. The effect of the drug was measured at two 
concentrations, 2 and 5 mM. V a remained 
unchanged and the value in liver homogenate was 
40 ukat/mg protein and in brain homogenate 24.4 
pkat/kg protein. The initial K,, value in liver 
homogenate, 0.12 mM, was raised to 0.41 and 0.89 
mM at chloroquine concentrations of 2 and 5 
mM, respectively. The corresponding values for 
brain homogenate were increases from 0.08 mM 
initially to 0.26 and 056 mM, respectively. 


Discussion 


The underlying mechanism for the lysosomal 

storage of several different lipids caused by 
lysosomotropic drugs is not clearly understood 
but several hypotheses have been put forward. 
1. The drug forms a complex with the lipids, 
which leads to a delayed hydrolysis of the lipids 
by lysosomal enzymes. Such complex formation 
has been demonstrated by NMR both for lecithin 
and preferentially acidic lipids [13]. 


2. The drug interacts with the lysosomal enzymes, 
which leads to diminished enzymic activities. 

3. The uptake of the cationic drug in the lyso- 
somes leads to an increase of the intralysosomal 
pH; increases of more than one pH unit have been 
demonstrated [14]. Since most of the enzymes 
have optimum activity at the normal lysosomal 
pH, pH 4.0, or slightly above, an increase of the 
intralysosomal pH by one unit leads to a marked 
decrease of the activities of several lysosomal en- 
zymes. 

Since the chloroquine effect on the pH of the 
lysosomes has been well documented [1,15], we 
decided to run all the determinations of the en- 
zyme activities at their respective optimum pH 
values to be able to evaluate whether chloroquine 
had any effect on the enzyme activities, in ad- 
dition to increasing the lysosomal pH. We found 
that the activity of all the lysosomal enzymes 
examined was reduced to 20-30% of the control 
activity with chloroquine concentrations which oc- 
curred in the lysosomes of chloroquine-treated 
pigs (fig. 1). However, the actual enzymic activity 
of the chloroquine-intoxicated mini-pigs within 
the lysosomes is probably even lower since, in 
addition to the direct effect of the drug measured 
above, chloroquine also increased the lysosomal 
pH by more than one unit, which might have 
reduced the residual activities of many lysosomal 
enzymes to less than 10%. This reduction is of the 
same magnitude found for other lysosomal en- 
zymes by other research groups. Wibo and Poole 
[16] found that 50 mM chloroquine inhibited cell- 
free preparation of cathepsin B by 90%. Matsuzava 
and Hostetler [17] showed that phosholipases A 
and C were partially inhibited by 200 mM chloro- 
quine. Tager and collaborators [18] reduced the 
activity of a-galactosidase to 10% by incubating 
cell homogenates with 100 mM chloroquine. 

We expected that chloroquine would cause a 
non-competitive inhibition of the lysosomal en- 
zymes, as a result of the interaction between the 
drug and the enzyme. Such interaction leads to a 
diminution of the Va, which was clearly mani- 
fested when the hexosaminidase activity was as- 
sayed (Fig. 2). It was more noteworthy that chlo- 
roquine,caused a pure competitive inhibition when 
the a-fucosidase activity was assayed with artifi- 
cial substrate (Fig. 2). These results suggest inter- 
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action between substrate and chloroquine. It is, 
however, difficult to conceive that chloroquine 
would interact with methylumbelliferyl-a-fucoside 
and not with the methylumbelliferyl-N-acetyl-£- 
glucosaminide substrate. Another theoretical pos- 
sibility 1s an activation of endogenous substrate in 
the enzyme preparation by chloroquine. This sub- 
strate should then have a very low Km value. 
Neither of these explanations seems plausible, and 
a reasonable interpretation of the phenomenon 
remains to be found. 

The chronic chloroquine treatment led to a 
significant increase in the a-fucosidase activity in 
brain and in the activities of B-hexosaminidase, 
a-fucosidase and acid phosphatase in liver (Table 
ITI). In a study by Sly and co-workers [19], chloro- 
quine treatment of normal human fibroblasts was 
shown to enhance the secretion of newly synthe- 
sized lysosomal enzymes, to deplete enzyme bind- 
ing sites from the cell surface and to inhibit the 
pinocytosis of the exogenous enzyme. These find- 
ings explain how chloroquine, by raising the in- 
tralysosomal pH, can disrupt both the intracellu- 
lar pathway for newly synthesized lysosomal en- 
zymes and the uptake of exogenous enzyme by 
cell surface receptors. We have now demonstrted 
that chloroquine, in the concentrations that can be 
expected in the lysosomes in chloroquine treat- 
ment, strongly inhibits two key enzymes in the 
biodegradation of GM2 and fucogangliosides. All 
these effects of chloroquine explain the ganglio- 
side storage that we have demonstrated in the 
nervous system [6] and parenchymatous organs [8] 
in chloroquine treatment. 
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The uptake of the '*I-labeled apolipoprotein and *H-labeled cholesteryl ester components of rat 
apolipoprotein E-deficient HDL by the perfused liver was studied. The uptake of the cholesteryl ester moiety 
was 4-fold higher than that of apolipoprotein. The concentration-dependent uptake of labeled protein was 
saturable and competed for by an excess of unlabeled HDL. The uptake of cholesteryl ester was not 
saturable over the concentration range studied. In the presence of a 50-fold excess of unlabeled HDL, the 
uptake of both radiolabeled components was decreased by over 75%, indicating that three-quarters of the 
hepatic uptake of HDL is by a receptor-mediated process. After 15 min of perfusion, 37% of the 
apolipoprotein radioactivity that was initially bound at 5 min was released into the perfusate as a more dense 
particle. After 5, 15, 30 and 60 min of perfusion the subcellular distribution of the apolipoprotein and 
cholesteryl ester components was analyzed by Percoll density gradient centrifugation. Over the 60 min 
period, there appeared to be transfer of radioactivity from the plasma membrane fraction to the lysosomal 
fraction. However, the internalization and degradation of cholesteryl ester was more rapid than that of the 
apolipoprotein. Our findings indicate that there is preferential uptake of HDL cholesteryl ester relative to 
protein by the liver and that the internalization of these components may occur independently. 


Introduction rated into biliary sterols [3], and that HDL apoli- 


poproteins are secreted into the bile [4]. A high-af- 


The liver is the major organ for the uptake of 
the cholesterol component of high-density lipopro- 
teins [1]. The hepatic removal of cholesterol from 
HDL may be an important means of clearance of 
cholesterol from the plasma [2]. It has been shown 
that HDL cholesterol is preferentially incorpo- 


Abbreviations: VLDL, very-low-density lhpoproteins; LDL, 
low-density lipoproteins, HDL, high-density lipoproteins, 
EDTA, ethylenediaminetetraacetic acid; SDS, sodium dodecyl 
sulfate; LPDS, lipoprotein-deficient serum 
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finity binding site for HDL has been identified on 
the liver cell surface which is distinct from the 
hepatic LDL and chylomicron remnant receptors 
[5-7]. 

Recent studies by Glass et al. [8] indicate that 
there is a dissociation between the tissue uptake of 
HDL cholesteryl ester and protein. They found 
that the uptake of the cholesteryl ether component 
of reconstituted HDL by cultured hepatocytes was 
over 4-fold greater than that of apolipoprotein A-I 
[9]. This finding is ın contrast to what has been 
described for the internalization of LDL and rem- 
nant lipoproteins by the liver which involves endo- 
cytosis of intact particles and subsequent degrada- 
tion in the lysosomes [10,11]. However, the 
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processes mediating the internalization and de- 
gradation of HDL components by the liver have 
not been described and are the focus of this study. 

Several mechanisms for the selective uptake of 
cholesteryl ester have been suggested [12—16]. It is 
possible that HDL binds to the cell surface and 
cholesteryl esters are preferentially transferred into 
the cell. Another possibility is that the entire HDL 
particle is internalized with the apoprotein compo- 
nent being released from the cell. Reaven et al. 
[15] have shown by morphological methods that in 
ovarian cells labeled HDL protein remains associ- 
ated with the plasma membrane and that 
cholesteryl ester is transferred into the cell from 
the bound HDL particles. Schmitz et al. [16] have 
demonstrated that colloidal gold-labeled HDL was 
internalized by macrophages, but was not trans- 
ported to lysosomes and was transported back to 
the cell surface. There is evidence that at least part 
of the HDL apoprotein is degraded by the liver. 
Havel et al. [17] have shown that a small fraction 
of the administered +% I-labeled HDL is degraded 
by the perfused liver. We have shown that the 
ionophore monensin, which prevents the move- 
ment of ligand from the cell surface to lysosomes, 
partially inhibits the degradation of HDL 
apoprotein by hepatocytes [7]. 

In the present study we have investigated the 
receptor-mediated uptake of the protein and 
cholesteryl ester components of apolipoprotein E- 
deficient HDL by the perfused liver. This system 
has the advantage of using an intact organ, where 
the cellular architecture is maintained. We have 
also studied the internalization of HDL compo- 
nents by subcellular fractionation of the liver in 
order to elucidate the mechanisms involved in the 
metabolism of HDL. 


Experimental procedures 


Animals, Male Sprague-Dawley rats (Marland, 
Hewitt, NJ) that weighed 300—350 g were used in 
these studies. All animals were maintained on 
standard Purina rat chow. Animals were anesthe- 
tized with diethyl ether prior to exsanguination 
‘and all surgical procedures. 

Preparation of radiolabeled HDL. Apoli- 
poprotein E-deficient HDL was isolated from rat 
serum by a modification [18] of the polyanion 


precipitation method [19]. The serum lipoproteins 


that contain apolipoprotein B and apolipoprotein 


E were removed by precipitation of the rat serum 
with sodium phosphotungstate (NaPhT) and mag- 
nesium chloride. To 20 ml serum, 2.0 mi 4% 
NaPhT and 0.5 ml 2 M MgCl, was added and this 
solution was mixed vigorously. After incubation 
for 1 h at 20°C the mixture was centrifuged at 
1500 X g and 20°C for 1 h. The supernatant was 
removed and dialyzed against 0.85% NaCl and 
0.01% EDTA. The density of the supernatnat was 
adjusted to 1.21 g/ml with KBr and then centri- 
fuged at 100000 Xx g for 48 h. This HDL subfrac- 
tion was then radiolabeled in the cholesteryl ester 
component by the procedure of Roberts et al. [20], 
in which radiolabeled ester is incorporated into 
the core of HDL by incubation with the lipid 
transfer protein present in the lipoprotein-free 
fraction. Specifically, 500 pCi of 1,2,6,7-7H 
cholesteryl oleate (2.2 TBq/mmol, NEN Research 
Products, Boston, MA) was incubated for 45 min 
at 23°C with 12 ml of human LPDS. This mixture 
was then incubated for 30 min at 4°C with 3 mg 
of apolipoprotein E-deficient HDL cholesteryl (1 
mg/ml). The density was then adjusted to 1.21 
g/ml and the *H-labeled HDL was re-isolated by 
centrifugation. The HDL was dialyzed against 
0.85% NaCl and 0.01% EDTA and radioiodinated 
[21] yielding apolipoprotein E-deficient HDL that 
contained 3H-cholesteryl ester and }*°J-labeled 
apolipoprotein. The distribution of ?7H-radiolabel 
between cholesterol and cholesteryl ester was 
analyzed by thin layer chromatography [22] and 
indicated that 98% of the radiolabel was associ- 
ated with the cholesteryl esters. 
The protein content of HDL was determined 
by a modification [23] of the method of Lowry.et 
al. [24]. Aliquots (50 pg of protein) were dried 
under vacuum and delipidated for analysis by 


SDS polyacrylamide electrophoresis utilizing gels: 


with a gradient of 3-27% acrylamide [25]. The 
SDS-gradient gel analysis is shown in Fig. 1. In 
lane 1 1s the apolipoprotein E-deficient HDL that 
was labeled with °H and **°I. This fraction con- 
tained apolipoprotein A-IV, apolipoprotein A-I 
and the C-apolipoproteins. In lane 2 is the total 
HDL fraction (isolated by centrifugation at a den- 
sity of 1.063-1.21 g/ml) which contained apoli- 
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Fig. 1 SDS-gradient gel electrophoresis of rat HDL. An aliquot 
containing 50 ug of delipidated lipoprotein was applied to 
` each position, except lane 3 which contained 20 ug of bovine 
serum albumin. Lane 1 1s double-labeled apo E-deficient HDL, 
lane 2 1s total rat HDL 


The lipid composition of the HDL which was 
incubated with LPDS or saline alone was de- 
termined. Free and esterified cholesterol were as- 
sayed by enzymatic methods (Finnsugar Biochem- 
icals, Elks Grove Village, IL). Triglycerides [26] 
and phospholipids [27] were measured by chem- 
ical methods. The results of these determinations 
are shown in Table I. Both the electrophoretic 


TABLE I 


it 


analysis and chemical composition data indicate 
that the incubation with LPDS had no effect on 
the lipid or protein components of the HDL used 
in these studies. 

Liver perfusion. Non-recirculating liver perfu- 
sions were performed in situ as previously re- 
ported [28]. After a 15 min stabilization period, a 
bolus of labeled lipoprotein (10-500 yg of protein 
in 400 pl) was injected into the portal vein can- 
nula in order to measure the concentration-de- 
pendent uptake of °H- and “I-labeled HDL. In 
competition studies, a bolus containing radio- 
labeled HDL (250 yg of protein in 200 yl) and a 
separate bolus of unlabeled competitor (0.5~—12.5 
mg in 200 pl) were simultaneously injected. The 
livers were perfused for an additional 5 min with 
lipoprotein-free perfusate and then flushed with 
saline. The livers were homogenized in ice-cold 
0.15 M NaCl/0.01 M Tris-HCl (pH 7.6) by six 
strokes in a Dounce homogenizer using the loose- 
fitting pestle. The radioactivity from }°I-labeled 
apolipoprotein that was associated with the liver 
homogenates was then determined using a gamma 
counter. The *H-labeled cholesteryl ester radioac- 
tivity was extracted from triplicate aliquots (0.5 
ml) of the liver homogenates in 10 ml of chloro- 
form methanol (3:1, v/v) and measured by liquid 
scintillation counting. The *H radioactivity that 
was extracted by chloroform-methanol was 
analyzed by thin layer chromatography [22] to 
determine the distribution of radiolabel in 
cholesteryl ester and unesterified cholesterol asso- 
ciated with the liver. 

The catabolism of HDL protein and cholesteryl 
ester was studied over a 1 h interval. A bolus of 
radiolabeled HDL was injected into the portal 
vein cannula followed by a 10 min single-pass 
perfusion of lipoprotein-free perfusate to wash out 


CHEMICAL COMPOSITION OF APOLIPOPROTEIN E-DEFICIENT HDL FOLLOWING INCUBATION WITH HUMAN 


LPDS OR SALINE 
Values are percentages by weight. 


Unesterified Cholesteryl 
cholesterol ester 
HDL+LPDS 25 313 
HDL + sahne 31 i 32.0 


Triglyceride 


Phospholipid Protein 


80 178 40.4 
6.6 179 403 
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any unbound lipoprotein. Then 80 ml of fresh 
perfusate was recirculated through the liver for 1 
h. At 15 min intervals after the bolus injection, 
250 ul aliquots of perfusate were removed from 
the reservoir, the erythrocytes were removed by 
centrifugation and the }*°I radioactivity that was 
soluble and insoluble in 10% trichloroacetic acid 
was determined. Bile samples were also collected 
during the entire period and assayed for trichloro- 
acetic acid soluble and insoluble radioactivity from 
125]-labeled protein and radioactivity from °H- 
labeled cholesteryl ester. 

Perfusate was collected after 15 min of perfu- 
sion and was concentrated by membrane dialysis 
in Aquacide (Calbiochem, La Jolla, CA). The den- 
sity of the solution was then adjusted to 1.21 g/ml 
using KBr and centrifuged at 100000 x g for 48 h. 
The radioactivities associated with both the d< 
1.21 and d > 1.21 fractions were then measured to 
determine whether the radioactivity associated 
with the lipoproteins that were present in the 
perfusate was of the same density as the HDL that 
was originally injected into the liver. A control 
experiment was performed in which radiolabeled 
HDL was reisolated after circulation through the 
perfusion apparatus in the absence of the liver. 
The fraction that floated at d< 1.21 was then 
cleared of albumin by recentrifugation and the 
apolipoprotein constituents were analyzed by SDS 
gel electrophoresis. 

The intracellular distribution of radiolabeled 
apoprotein and cholesteryl ester in the liver fol- 
lowing perfusion with HDL was studied by Per- 
coll (Pharmacia, Piscataway, NJ) density gradient 
centrifugation by the method of Harford et al. 
[29]. At 5, 15, 30 and 60 min of perfusion after 
injection of 7H and !*I-HDL, the livers were 
rinsed with 50 ml of 0.15 M NaCl/0.01 M Tris- 
HCI (pH 7.6) and then excised, weighed and placed 
on ice. All subsequent procedures were performed 
at 4°C. The livers were homogenized in 3 vol 
(w/v) of ice-cold 0.28 M sucrose/0.002: M 
CaCl, /0.01 M Tris-HCl (pH 7.6) using a Dounce 
homogenizer (12 strokes of the loose fitting pestle 
and three strokes of the tight fitting pestle). The 
homogenates were then centrifuged at 300 X g for 
15 min and the supernatants were made to be 20% 
in Percoll. The samples were then centrifuged at 
10000 x g in a Beckman SW 41 rotor for 45 min. 


The gradients were fractionated into 0.6 ml frac- 
tions by displacement from the bottom with 50% 
sucrose. The 1I and °H radioactivity in each of 
the gradient fractions was determined. The distri- 
bution of label between cholesteryl ester and un- 
esterified cholesterol in each gradient fraction was 
detrmined by thin-layer chromatography. The lo- 
cation in the gradients of the plasma membrane 
marker enzyme 5’-nucleotidase [30] and the lyso- 
some marker enzyme, £-hexosaminidase [31] were 
determined. 


Results 


The concentration-dependent uptake of apoli- 
poprotein E-deficient HDL by the liver was mea- 
sured to determine saturability of uptake of the 
radiolabeled components of HDL (Fig. 2). Perfu- 
sion of the livers with increasing amounts of radio- 
labeled HDL resulted in the saturable uptake of 
the /°I-labeled apolipoprotein indicating that the 
uptake of HDL is mediated though a limited. 
number of binding sites. The uptake of °H- 
cholesteryl ester increased linearly and did not 
saturate over the concentration range studied. The 
°H-labeled cholesteryl ester found in the liver was 
4-fold higher than '*°I-labeled protein suggesting 
a dissociation of apolipoprotein and cholesteryl 
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Fig 2. Concentration dependent uptake of HDL protein and 
cholesteryl ester components. The uptake of the !75I-labeled 
protein (@--@) and *H-labeled cholesteryl ester (O--©) of 
apolipoprotein E-deficient HDL by the perfused liver was 
determined Each point 1s the mean of three perfusions 


ester uptake by the liver. In order to determine 
receptor-mediated binding, a competition study 
was performed. Livers were perfused with a con- 
stant amount of radiolabeled HDL protein and an 
increasing amount of unlabeled HDL (Fig. 3). At 
a 50-fold excess of unlabeled HDL the uptake of 
apolipoprotein was decreased by 75% and 
cholesteryl ester was decreased by 77%, indicating 
that three-quarters of the hepatic uptake of HDL 
is receptor mediated. 

In another study, a recirculating perfusion was 
used to mesure the degradation of HDL. After 15 
min of perfusion 37% of the radioactivity that was 
initially bound at 5 min was present in the per- 
fusate (Fig. 4). After 30 min this value represented 
56% of that which was initially bound. At subse- 
quent times there was no additional release of 
radioactivity into the perfusate. Of all the radioac- 
tivity present in the perfusate at 15 min, 93% was 
insoluble in 10% trichloroacetic acid, suggesting 
that this radioactivity represented undegraded 
HDL that was released from the liver. When the 
perfusate was centrifuged at a density of 1.21 
g/ml, 32% of the protein radioactivity floated at 
this density. In a control experiment where HDL 
was recirculated through the perfusion apparatus 
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Fig. 3 Competition for the uptake of HDL protein and 
cholesteryl ester Livers were perfused with 250 pg of HDL 
protein and the uptake of '°I-labeled protein (@--@) and 
3H-cholesteryl ester (O-~O) was determined in the absence 
and presence of increasing amounts of unlabeled HDL. Each 
point is the mean of three perfusions 
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Fig. 4. Release of 1°] radioactivity into the perfusate. Livers 
were perfused with 250 ug of double labeled HDL and the 
accumulation of 1I radioactivity that was trichloroacetic 
acid-insoluble (@--—@) and soluble (O---—O) was determined 
over a 60 min period. 


in the absence of the liver‘and then reisolated by 
ultracentrifugation, 92% of the radioactivity 
floated at a density of 1.21 g/ml. SDS gel elec- 
trophoresis showed that the HDL that was re- 
leased by the liver and present in the perfusate 
had a similar apolipoprotein distribution as the 
reisolated control HDL, indicating that there is no 
selective removal of any individual apoprotein. 

During a 60 min recirculating perfusion, there 
was a linear increase of radioactivity in the per- 
fusate that was soluble in 10% trichloroacetic acid. 
This finding suggests that some of the HDL pro- 
tein is internalized and degraded within the lyso- 
somes. After 15 min of perfusion less than 5% of 
the radiolabeled cholesteryl ester was present in 
the perfusate and remained constant over the next 
45 min of perfusion. Thus it appears that more 
cholesteryl ester than protein is internalized and 
that the released HDL that was found in the 
perfusate is depleted in cholesteryl ester. After 60 
min of perfusion the apoprotein and cholesteryl 
ester radioactivity that was present in the bile was 
minimal and represented 6.5% and 1.0% of the 
total uptake at 5 min of perfusion (data not 
shown). 

The association of the protein and cholesteryl 
ester components of HDL after internalization by 
the liver with the plasma membrane and _ lyso- 
somes was determined after centrifugation on Per- 
coll density gradients (Fig. 5 and 6). The activity 
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Fig. 5 Percoll density gradient analysis of internalized compo- 
nents of HDL after 5 (A) and 15 (B) min of perfusion. The 
1257 _labeled protein (@--@) and 7H-labeled cholesterol 
(O--O) radioactivity was determined for each gradient frac- 
tion Each tıme point is representative of three perfusions 


for the plasma membrane marker, 5’-nucleotidase, 
was found in fraction 1, and the activity of the 
lysosome marker B-hexosaminidase, was found in 
fraction 19. Throughout the 60 min period, greater 
than 98% of the '*I radioactivity in the gradient 
fractions was insoluble in 10% trichloroacetic acid, 
indicating that the radioactivity was still protein 
bound. At all times there was more cholesteryl 
ester than protein present in the liver. During the 
60 min of perfusion, there appeared to be transfer 
of radioactivity from the plasma membrane to the 
lysosome fraction. However, cholesteryl ester 
transferred from the plasma membrane to the 
lysosome fraction more rapidly. 

At 5 min after the injection of radiolabeled 
HDL, both labels were largely associated with the 
plasma membrane fraction (Fig. 5A). At this time 
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Fig 6 Percoll density gradient analysis of internalized compo- 
nents of HDL after 30 (A) and 60 (B) min of perfusion The 
1257 labeled protein (@--@) and °H-labeled cholesterol 
(O--O) radioactivity was determined Each time pomt is 
representative of three perfusions 


there was 4-times more cholesteryl ester radioac- 
tivity than protein associated with the plasma 
membrane fraction. Lipid analysis by thin layer 
chromatography indicated that 97% of the >H-label 
in all gradient fractions was present as cholesteryl 
ester. After 15 min of perfusion (Fig. 5B), °H 
radioactivity was associated with the plasma mem- 
brane fraction, an intermediate density fractions 
as well as with the lysosomal fraction. At this time 
96% of the ?H-label was found as cholesteryl ester. 
125] -labeled protein radioactivity was decreased in 
the plasma membrane fraction and increased in 
the lysosomal fraction. 

Both the '°I and 7H radioactivity in the plasma 
membrane fraction was diminished at 30 min (Fig. 
6A), and at this time the °H radioactivity in the 
lysosomes was 2-fold higher compared to I- 


labeled apoprotein. Of the °H radioactivity, 76% 
and 81% of the radioactivity associated with the 
plasma membrane fraction and lysosomal fraction 
was as cholesteryl ester. After 60 min of perfusion 
(Fig. 6B), there still appeared a small amount of 
125] labeled apolipoprotein that was associated 
with the lysosomes, while all of the °H was associ- 
ated with the plasma membrane fractions. Half of 
the ?>H-label was as cholesteryl ester and half was 
found as unesterified cholesterol. These results 
indicate a preferential uptake of cholesteryl ester 
from HDL by the liver and a more rapid move- 
ment of cholesteryl ester to the lysosomes com- 
pared to HDL apoprotein. In addition, there ap- 
pears to be hydrolysis of the cholesteryl ester and 
appearance of unesterified cholesterol in the 
plasma membrane. 


Discussion 


Our results indicate that there is selective 
hepatic uptake of HDL cholesteryl ester relative 
to apoprotein and that the internalization and 
degradation of these components may occur inde- 
pendently. The uptake of the radiolabeled apoli- 
poprotein was saturable and competed for by an 
excess of unlabeled HDL. The data indicate that 
77% of the uptake is by a receptor mediated 
process. The uptake of radiolabeled cholesteryl 
ester was 4fold higher than the uptake of 
apoprotein. These results are consistent with other 
studies which indicate that there is selective up- 
take of HDL cholesteryl ester by hepatocytes [8,9] 
and steroidogenic cells [8,12]. In contrast to what 
was found for apolipoprotein uptake, the uptake 
of cholesteryl ester by the liver did not saturate 
over the concentration range studied. 

The results of the competition study show that 
in the presence of a 1-fold excess of unlabeled 
HDL, competition for the uptake of protein and 
cholesteryl ester were similar and may be due to 
the contribution of the nonspecific binding to the 
total binding. At a 1--25-fold excess of unlabeled 
HDL, the uptake of protein was competed for to a 
greater extent than was the cholesteryl ester, indi- 
cating that the uptake of protein saturates at a 
lower concentration than cholesteryl ester. At a 
50-fold excess of unlabeled HDL, the competition 
for the uptake of both components was equal. 
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This result suggests that the saturation of the 
capacity for uptake of cholesteryl ester occurs at a 
higher concentration than protein. Glass et al. [9] 
have also shown using rat hepatocytes that al- 
though the absolute uptake of cholesteryl ester 
was higher than protein, the degree of competition 
was similar at higher concentrations of unlabeled 
HDL. It is still unclear whether the binding of 
HDL apolipoprotein to the receptor is required 
for the uptake of cholesteryl ester. 

In this study we observed that a fraction of the 
HDL that was initially bound was released from 
the surface of the hepatocyte into the perfusate. 
This particle was more dense than the initial start- 
ing material and may have been depleted of 
cholesteryl ester. This is consistent with the find- 
ing of Bachorik et al. [13] who showed that in 
cultured pig hepatocytes a portion of the !I- 
labeled HDL that was initially bound was inter- 
nalized and a portion was modified at the cell 
surface and then released as a more dense lipopro- 
tein. Bamberger et al. [32] has suggested that 
hepatic lipase, by its phospholipase activity, shifts 
the equilibrium of cholesterol between HDL and 
the plasma membrane resulting in the net delivery 
of cholesterol to the cell by a surface-transfer 
process. Reaven et al. [15] have shown using radio- 
autography that in the luteunized ovary perfused 
in situ, HDL is not internalized as an intact 
particle. They showed that the protein moiety 
remained associated with the plasma membrane 
and speculate that the cholesterol is transferred to 
a specialized region of the plasma membrane. 
Others have suggested [16] that the HDL is inter- 
nalized by the cell and the cholesterol is removed 
before the particle is returned to the exterior. This 
process Of retroendocytosis has been visualized for 
the uptake of HDL colloidal gold conjugates by 
macrophages. Whether HDL is internalized by the 
liver as an intact particle is still not known. How- 
ever, our results suggest that the dissociation of 
the HDL components may occur at the hepato- 
cyte surface. 

In the present study we have used apoli- 
poprotein E-deficient HDL in order to exclude 
binding of HDL by the apolipoprotein E receptor. 
However, Quarfordt et al. [33] have shown that 
there was substantially greater uptake of apoli- 
poprotein E-rich HDL than apolipoprotein E-defi- 
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cient HDL by the perfused liver and suggest that 
apo E-nch HDL plays an important role in the 
return of cholesterol to the liver for subsequent 
metabolism. In a previous study [7] we have found 
that apo A-I was more effective than apo E in 
competing for the binding of HDL which con- 
tained apolipoprotein E, indicating that both 
apolipoprotein A-I and apolipoprotein E are 
ligands for the binding of HDL. It is possible that 
apolipoprotein E-rich HDL may be metabolized, 
in part, by a similar pathway mediating the in- 
tracellular processing of apolipoprotein E-defi- 
cient HDL. 

The results of the Percoll density gradient 
analyses show that there was transfer of radioac- 
tivity from the plasma membrane to the lysosome 
fraction and that the movement of HDL 
cholesteryl ester to lysosomes was more rapid than 
protein. This finding suggests that the internaliza- 
tion and degradation of HDL constitutents may 
occur independently. We have previously shown 
[7] that the presence of monensin, an ionophore 
that inhibits receptor recycling, inhibited the de- 
gradation of }*°]-labeled HDL protein by isolated 
hepatocytes. Pittman et al. [14] using adrenal cells, 
found that chloroquine and monensin reduced 
apolipoprotein A-I uptake by 62% but reduced 
cholesteryl ester uptake by less than 25%. This 
suggests that the selective uptake of cholesteryl 
ester 1s by a mechanism different from that for 
protein. ; 

Our results indicate that both HDL protein and 
cholesteryl ester are degraded within lysosomes, 
although the degradation of protein occurs more 
slowly. In contrast to our previous liver perfusion 
studies with '°I-labeled VLDL remnants (Ar- 
beeny, C.M., Rifici, V.A., Handley D.A. and Eder, 
H.A. unpublished observations), the rate of de- 
gradation of rat '**I-labeled HDL was 4-fold 
slower than that of remnants. Using Percoll den- 
sity gradient analyses to study the intracellular 
movement of !*°]-labeled VLDL remnants, we 
found that the movement of remnants to lyso- 
somes occurred more rapidly than that of '*°I- 
labeled HDL. In a recent publication Bachonk et 
al. [13] reported that the !*°I-labeled HDL protein 
that was internalized by cultured pig hepatocytes 
was degraded by lysosomes at a rate that was half 
that of LDL. The reason for the slower delivery of 


HDL to lysosomes remains to be evaluated, but 
may explain the low rate of degradation of }*°I- 
labeled HDL by the perfused liver previously re- 
ported by Sigurdsson et al. [17]. 

Our findings suggest that internalized cholester- 
yl ester is processed in part by lysosomal hydro- 
lases. However, since we found free cholesterol in 
the membrane fractions of the gradient, some 
cholesteryl ester may be metabolized at the plasma 
membrane and degraded by a cytosolic neutral 
sterol ester hydrolase [34]. Nestler et al. [35] found 
that treatment of ovarian cells with cholorquine 
and NH,Cl which inhibit lysosomal hydrolysis, 
had little effect on the metabolism of HDL sterol 
esters. It is possible that there may be an intracell- 
ular partitioning of the HDL cholesterol within 
the hepatocyte. Previous studies have suggested 
that HDL cholesterol in preference to LDL 
cholesterol is the source for biliary cholesterol [3]. 
Robins et al. [26] have suggested that lipoprotein 
cholesterol may be transported directly from the 
plasma membrane of the hepatocyte to the bile 
canaliculus without equilibrating with newly 
synthesized intracellular cholesterol. The concept 
that intracelluar lipid transfer may be a highly 
specific process has been put forth by several 
investigators [37—39] and a sterol carrier protein 
present in the rat liver cytosol has been implicated 
in the intracellular transfer of cholesterol among 
organelles [40]. 

The results of these studies indicate that the 
binding, internalization and degradation of the 
apoprotein and cholesteryl ester components of 
HDL by the liver is a more complex process than 
that described for LDL and remnants of tri- 
glyceride-rich lipoproteins which are transported 
to the lysosomes as intact particles. Further study 
is necessary to elucidate the pathways that mediate 
the hepatic uptake of HDL. 
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We examined the effect of purinoceptor agonists on phosphatidylcholine secretion in primary cultures of 
type II pneumocytes from adult rats. Surfactant is a major product of the type II cell and phosphatidylcho- 
line is its principal component. Adenosine, AMP, ADP and ATP stimulated phosphatidylcholine secretion in 
a concentration-dependent manner. At the optimum concentration (1 mM), adenosine and AMP stimulated 
phosphatidylcholine secretion more than 2-fold,: while ATP stimulated 5-fold and ADP almost 7-fold. 
Because of the magnitude of the response it is tempting to speculate that secretion of surfactant may be 
under purinoceptor regulation. None of these agents influenced cellular phosphatidylcholine synthesis or 
lactate dehydrogenase release into the medium, so the effects were primarily on secretion and were not 
secondary to effects on synthesis or cell damage. Non-metabolizable analogs of adenosine, 5’-N-ethyl- 
carboxyamidoadenosine (NECA) and L-N°-phenylisopropyladenosine (L-PIA), stimulated secretion to the 
same extent as adenosine and the effect of NECA was antagonized by 8-phenyltheophylline, suggesting a P, 
purinoceptor-mediated mechanism. The stimulatory effect of ATP was diminished by a,8-methylene ATP 
but only slightly by 8-phenyltheophylline, suggesting that, although part of the ATP effect could be 
explained by catabolism to adenosine, the P, purinoceptor may also be involved in regulation of surfactant 
secretion. 


Introduction 


Lung surfactant, material which is believed to 
play a vital role in maintaining alveolar stability, 
is synthesized and secreted by the type IJ pneumo- 
cyte, one of the two cells lining the alveolus [1]. 
There is evidence that cholinergic and f-adren- 
ergic agonists and prostaglandins have regulatory 
roles in surfactant secretion in vivo [1,2]. Phos- 
phatidylcholine is the major component of surfac- 
tant and secretion of phosphatidylcholine in cul- 
tured type II cells has been reported to be stimu- 
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lated by leukotrienes [3], by agents such as B- 
adrenergic agonists [4—6], cholera toxin [7] and 
forskolin [8], which elevate cAMP levels and are 
believed to: act via cAMP-dependent protein 
kinase, and by agents such as 12-O-tetrade- 
canoylphorbol-13-acetate [9] and 1-oleoyl-2- 
acetyl-sn-glycerol [10] which act via protein kinase 
C. Recently, evidence has accumulated for 
purinergic regulation of a variety of physiologic 
systems [11-13]. There are data which suggest the 
presence of purinoceptors in the lung [14] but it is 
not known if they play a role in surfactant pro- 
duction. To begin to address this question we 
examined the effects of adenosine and adenosine 
5’-phosphates on phosphatidylcholine secretion in 
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cultured type IJ pneumocytes from adult rat lung. 
An abstract of this work has been published [15]. 


Experimental procedures 


Type Il pneumocytes were isolated from the 
lungs of adult male Sprague-Dawley rats (approx. 
175 g) by a modification of the procedure of 
Brown and Longmore [5] as described previously 
[16]. This method involves purification of the cells 
by passage through a discontinuous albumin den- 
sity gradient and preferential attachment on plas- 
tic culture dishes. 

For secretion studies, the freshly isolated cells 
were plated at a density of 3.5-10° cells per dish 
and cultured for 18-20 h in 1.5 ml Dulbecco’s 
modified Eagles medium containing [methyi- 
3H]choline chloride (2 »Ci/ml), 10% fetal bovine 
serum, streptomycin (100 pg/ml) and penicillin 
(100 U/ml). The cells were mnsed with fresh 
serum- and antibiotic-free medium to remove 
(?H]choline and unattached cells. At this stage 
approx. 1 - 10° cells remained attached of which at 
least 95% were type II cells. After a 30 min 
preincubation in the fresh medium the test agents 
were added and the incubation continued. After 
90 min, or various periods in the case of the time 
course experiments, the medium was aspirated, 
the cells lysed with ice-cold water and lipids ex- 
tracted from both cells and medium with chloro- 
form and methanol [16]. Phosphatidylcholine was 
separated from the other phospholipids by thin 
layer chromatography [3] and its radioactivity 
measured by liquid scintillation counting [17]. 
Secretion was expressed as the amount of [PH] 
phosphatidylcholine in the medium as a per- 
centage of that in the cells plus medium. 

The rate of [methyl-?Hjcholine incorporation 
into phosphatidylcholine was measured to assess 
effects on phosphatidylcholine synthesis. After the 
18-20 h culture period the cells were incubated 
with [methyl-*H]choline in the presence and ab- 
sence of the test compounds and cellular [°H] 
phosphatidylcholine was measured as described 
previously [3,18]. To assess cellular integrity, the 
activity of lactate dehydrogenase (EC 1.1.1.27) in 
the cells and medium was measured [17] after 
exposure to the test compounds. 

Rats were purchased from Charles River (King- 
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ston, NY), tissue culture medium from Grand 
Island Biological Co. (Grand Island, NY), fetal 
bovine serum from Hyclone (Logan, UT), [methyl- 
>H]choline from New England Nuclear (Boston, 
MA), terbutaline sulfate (Brethine) from Geigy 
(West Caldwell, NJ), 8-phenyltheophylline, 5’- 
N-ethylcarboxyamidoadenosine (NECA), L-N6- 
phenylisopropyladenosine (L-PIA), adenine, ADP 
(di{monocyclohexylammonium} salt), a,8-meth- 
ylene ATP (lithium salt), other nucleosides and 
nucleotides (free bases or sodium salts) and other 
biochemicals from Sigma (St. Louis, MO). 


Results 


Addition of adenosine, AMP, ADP and ATP to 
the culture medium stimulated phosphatidylcho- 
line secretion in primary cultures of type II pneu- 
mocytes. The stimulatory effect was dependent on 
concentration in the range 10 nM-1 mM (Fig. 1). 
At‘1 mM, the concentration which produced the 
maximum effect, adenosine and AMP stimulated 
phosphatidylcholine secretion approx. 2-fold, while 
ATP stimulated 5-fold and ADP almost 7-fold 
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Fig. 1. The effect of different concentrations of adenosine, 
AMP, ADP and ATP on phosphatidylcholine secretion in type 
IJ pneumocytes The cells were cultured in the presence or 
absence of the indicated concentration of agonist for 90 min, 
after which [° H]phosphatidylcholine in the cells and medium 
was measured. Stimulation 1s expressed as a percentage 1n- 
crease over the rate in the absence of agonist. The data are 
means from 3-6 expernments. W -- --M@, adenosine; 
x——— X, AMP; @ @, ADP; O O, ATP 
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TABLE I 


EFFECTS OF ADENOSINE, AMP, ADP, ATP AND TERBUTALINE ON PHOSPHATIDYLCHOLINE SECRETION IN 
CULTURED TYPE II PNEUMOCYTES 


Cells were incubated with and without the indicated test compound for 90 min, after which [? H]phosphatidylchohne in the cells and 
medium was measured Secretion ıs expressed as the amount of [° H]phosphatidylcholine in the medium as percentage of the total 
(cells plus medium). The concentration of terbutaline (0 036 mM) was supramaximal [19] All other concentrations were 1 mM The 
data are means +SE from the number of experiments indicated (n). The data were analysed statistically with Student’s two-tailed t 
test for pared samples. 


Percent [> H]phosphatidylcholine secreted 


control 
Adenosine 6 0 91+0 06 
AMP 4 0 87 +0.07 
ADP 4 0.84 +0.05 
ATP 5 0.84 + 0.04 
Terbutalıne 11 0 90 +0.04 


(Table I). The EC., values (concentration which 
produced 50% of the maximum effect) for adeno- 
sine, AMP, ADP and ATP calculated from the 
data in Fig. 1 were 5.3, 0.6, 23.0 and 4.1 pM, 
respectively. In comparison, terbutaline stimulated 
phospatidylcholine secretion approx. 2-fold (Table 
I). This is similar to the stimulatory effect on 
phosphatidylcholine secretion previously reported 


TABLE II 


EFFECTS OF ADENOSINE, AMP, ADP, AND ATP ON 
THE RATE OF [?H]CHOLINE INCORPORATION INTO 
PHOSPHATIDYLCHOLINE AND ON LACTATE DEHY- 
DROGENASE RELEASE IN CULTURED TYPE PNEU- 
MOCYTES 


Cells were incubated with [methy/-?H]choline in the presence 
and absence of the test compound (1 mM) for 2 h, after which 
[° H]phosphatidylcholine ın the cells and lactate dehydrogenase 
in the medium were measured. Choline incorporation is ex- 
pressed as cpm/10° cells per h and lactate dehydrogenase as 
percent of the total (cells plus medium) released into the 
medium per h The data are means +S.E from the number of 
experiments indicated (n) 


Agonist Choline Lactate 
incorporation dehydrogenase 
(n = 3) release 
(n= 4) 
Control 3510 + 630 1614019 
Adenosine 3550 + 456 1534021 
AMP 3800 + 490 1.5440.21 
ADP 3260 + 360 1554021 
ATP 3880 + 498 1.33 +0 33 





Treated / P 
tèated control 
219+0 26 2.41 < 0005 
2094+009 2.40 < 0 002 
5.65 +0 34 6.73 < 0,002 
4.32 +0.35 5.14 < 0001 
1.774007 1.97 f < 0 001 


for this and other 8-adrenergic agonists in type II 
cells [4,5]. 

As shown in Table II none of the agents stimu- 
lated cellular phosphatidylcholine synthesis as 


% [5H] PHOSPHATIDYLCHOLINE SECRETED 


TIME (hours) 


Fig. 2, The effect of adenosine, AMP, ADP and ATP on 
(*?H]phosphatidylcholine secretion ın type II pneumocytes The 
cells were cultured in the presence or absence of 1 mM agonist 
for the times indicated, after which [° H]phosphatidylcholine in 
the cells and medium was measured. Secretion 1s expressed as 
the percentage of total phosphatidylcholine in the medium 
The data are means +S.E (bar) from 4 experments 
A A, control; W- ---- E, adenosine, X — — — X, AMP; 
® @, ADP; O ©, ATP. 











TABLE III 


EFFECTS OF ADDITIONAL PURINE AND PYRIMI- 
DINE DERIVATIVES ON PHOSPHATIDYLCHOLINE 
SECRETION IN CULTURED TYPE I PNEUMOCYTES 


Cells were incubated with and without ‘the indicated test 
compound and {?H]phosphatidylcholine secretion was mea- 
sured as described in Table I. The concentration of terbutaline 
was 0.036 mM All other concentrations were 1 mM Each 
value was the mean derived from 2-4 culture dishes. In each 
experiment cells from 11 rats were distributed among the 
control and all treatment groups. The data are means +SE 
from 5 experiments and were analysed statistically with Stu- 
dent’s ¢ test for paired samples Significant differences from 
the contro] were determined from Sidak’s multiple ¢ test tables 
{20] n.s., not statistically sigmficant (P > 0'05) 


Percent [*H]phospha~- Treated/ P 


tıdylcholne control 

secreted 
Control 0 96+0 06 
Terbutahne 1794015 1 86 <0 05 
ADP * 475+018 495 < 005 
Adenine 0 85+ 0.04 0 89 n.s. 
Guanosine 1014005 105 ns. 
Inosine 1.29+0 08 1 34 < 005 
Cytidine 1154011 1 20 n.s 
2’-AMP 1.944012 2.02 <001 
3’-AMP 1 9640.09 2.04 <001 
GDP 1.02 +0 04 1 06 n.s 
CDP 1.01 +005 105 ns. 
UPD 191+018 199 <0 05 
TDP 107+0.07 111 nS. 


* Three experiments 


measured by the rate of choline incorporation or 
increased release of lactate dehydrogenase into the 
medium. The stimulatory effects were, therefore, 
primarily on secretion and were not secondary to 
effects on synthesis or cellular injury. 


TABLE IV 
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Effects on secretion as a function of time are 
shown in Fig. 2. As reported previously by us 
[3,17] and others [4,5], basal secretion was linear 
with time for at least 4 h. Adenosine and adeno- 
sine phosphates caused an initial rapid stimulation 
of secretion in the first 30 min followed by a 
slower rate of stimulation over the next 3.5 h. The 
stimulatory effects, however, were apparent at all 
times examined. Similar time courses were re- 
ported for the stimulatory effects of terbutaline 
[4], 1-oleoyl-2-acetyl-sn-glycerol [10] and leuko- 
triene E, [3] on phosphatidylcholine secretion in 
type II cells. 

To determine whether the stimulation was a 
specific effect of adenosine and adenine nucleo- 
tides we examined the effects of other purine and 
pyrimidine nucleosides and nucleoside 5’-diphos- 
phates. We also examined the effects of inosine, 
the deamination product of adenosine metabo- 
lism, as well as of adenine, 2’-AMP and 3’-AMP. 
For comparison, we included terbutaline and ADP 
in ‘this experiment. The results (Table III) show 
that with the exception of a small effect of inosine 
the other nucleosides tested had no effect on 
phosphatidylcholine secretion. UDP did stimulate 
secretion but its effect was considerably less than 
that of ADP. The other nucleoside diphosphates 
tested did not stimulate. Adenine had no effect 
but 2’-AMP and 3’-AMP were as effective was 
5’-AMP. 

As shown in Table IV the non-metabolizable 
adenosine analogs, L-PIA and NECA, also stimu- 
lated phosphatidylcholine secretion. In pre- 
liminary experiments (data not shown) the effects 
of these agonists were dependent on concentra- 
tion. At 0.01 mM, NECA and L-PIA were at least 


‘EFFECTS OF ADENOSINE, AMP, AND THE NON-METABOLIZABLE ANALOGS OF ADENOSINE, L-PIA AND NECA, 
ON PHOSPHATIDYLCHOLINE SECRETION IN CULTURED TYPE IT PREUMOCYTES 


Cells were incubated with and without the indicated test compound (001 mM) for 90 min, after which [> H]phosphatidylcholine 


secretion was measured Other details as in Table I 


n Percent [° H]phosphatidylcholine secreted Treated / P 
control treated control 
Adenosine 6 0.91 +0 06 1.73+019 190 <001 
AMP 4 0874007 203 +011 2 33 < 0 005 
L-PIA 6 0954021 210+0 41 221 <0 005 
NECA 12 0 93 +0 07 2.204018 237 < 0001 
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TABLE V 


EFFECT OF 8-PHENYLTHEOPHYLLINE AND a,8B-METHYLENE ATP ON THE STIMULATORY EFFECTS OF NECA 
AND ATP ON PHOSPHATIDYLCHOLINE SECRETION IN TYPE II CELLS 


Cells were incubated with the agonists and secretion of [* H]phosphatidylcholine was measured as described ın Table I. 8-Phenyltheo- 
phylline and a,f8-methylene ATP were added 5 and 30 mun, respectively, prior to the agonist The concentrations were: NECA, 0 001 
mM; 8-phenyltheophylline, 001 mM; ATP and a,f-methylene ATP, 01 mM. Stimulation is expressed as percentage increase over 
the rate in the absence of agonist 8-Phenyltheophylline alone had no effect on phosphatidylcholine secretion but a,8-methylene ATP 
stimulated 29% from 1.10+0.09 (percent of total phosphatidylcholine in the medium) to 1434012 Secretion ın control dishes 
containing a,8-methylene ATP was therefore used to determine the percent stimulation in the presence of ATP plus a,f-methylene 


ATP Statistical details as in Table I 


Antagonist Agonist n Percent stimulation + Antagonist / F 
— antagonist + antagonist AR IREOUIS! 
8-Phenyltheophylline NECA 4 105 +12 61+ 8 058 < 0025 
ATP 8 227 +26 182+ 26 0 80 <0 025 
a,B-Methylene ATP ATP 7 202+ 6 96412 0 47 < 0001 


as stimulatory as adenosine and AMP (Table IV). 
These data, as well as the fact that adenine and 
inosine had little or no stimulatory effects (Table 
IID, suggest that the effect of adenosine is not 
mediated by an adenosine metabolite. Since meth- 
ylxanthines are competitive antagonists of P, re- 
ceptors [11], we examined the effect of 8-phen- 
yltheophylline on the stimulatory effects of NECA 
and ATP. As shown in Table V, 8-phenyltheophyl- 
line reduced the stimulatory effect of NECA by 
over 40%. It also reduced the stimulatory effect of 
ATP to a small, although significant, extent. This 
suggests that at least part of the stimulatory effect 
of ATP is mediated via a P, receptor. Since a, B- 
methylene ATP has been reported to selectively 
desensitize P, receptors in some systems [11], we 
examined the effect of this agent on the stimula- 
tory effect of ATP on phosphatidylcholine secre- 
tion in type II cells. As shown in Table V, a,f- 
methylene ATP reduced the stimulatory effect of 
ATP by over 50%. Thus the effect of ATP is likely 
to be mediated at least in part by P, receptors. 


Discussion 


This is the first report that the purinoceptor 
agonists adenosine, AMP, ADP and ATP stimu- 
late phosphatidylcholine secretion in type II pneu- 
mocytes. Gilfillan et al. [21] briefly reported that 1 
mM ATP stimulated phosphatidylcholine secre- 
tion in a perifused lung slice model but did not 
examine other adenosine derivatives and did not 


speculate on whether this might be a purinocep- 
tor-mediated effect. Ekelund and Enhorning [22] 
reported that the phosphodiesterase inhibitor en- 
profylline, but not theophylline, stimulated surfac- 
tant secretion in fetal rabbits and postulated that 
the difference in the effects of these two xanthine 
derivatives is due to the fact that theophylline is 
also an adenosine antagonist while enprofylline is 
not. 3 

Purinoceptors have been divided into two sub- 
groups: P, receptors are more responsive to 
adenosine and AMP than to ADP and ATP, while 
the reverse applies to the P, receptor [11,12,23]. 
Both the P, and P, receptors have been further 
subdivided based on differential effects of agonists 
in a variety of tissues [23]. Based on their effects 
on phosphatidylcholine secretion where ADP > 
ATP > AMP = adenosine, our data suggest medi- 
ation by the P, receptor. However, this is not 
supported by the EC., values, since the order of 
potency was AMP > ATP > adenosine > ADP. 
Since the non-metabolizable adenosine analogs L- 
PIA and NECA were at least as stimulatory as 
adenosine and AMP, and the stimulatory effect of 
NECA was diminished by the P, antagonist 8- 
phenyltheophylline, it is likely that at least some 
of the effects are mediated by P, receptors. It 
could be argued that the effects of AMP, ADP 
and ATP are due to metabolism to adenosine 
which then acts at a receptor site. However, since 
AMP was more potent than adenosine while ADP 
and ATP produced a much greater response, this 


‘possibility is unlikely. The fact that the stimula- 
tory effect of ATP was diminished by a, 8-methyl- 
ene ATP suggests that the effect of this agonist is 
mediated at least in part by a P, receptor. This is 
also supported by the finding that the effect of 
ATP was diminished to a much smaller extent 
than that of NECA by 8&-phenyltheophylline. 

B-Adrenergic agonists and other agents which 
act via cAMP-dependent protein kinase were re- 
ported to stimulate phosphatidylcholine secretion 
2—3-fold in type II cells isolated from rat [4—8,19] 
and human [24] lung. In the same systems, agents 
which are believed to act via protein kinase C 
were reported to stimulate phosphatidylcholine 
secretion 3.5—8.4-fold [4,7,9,10,24]. The response 
produced by ADP and ATP in the present study 
was therefore of the same order as that produced 
by agents acting via protein kinase C, while the 
effects of adenosine and AMP were more similar 
to those of agents acting via cAMP-dependent 
protein kinase. 

Further studies are required to determine pre- 
cisely which purinoceptor type or subtype mediates 
the observed effects. It is possible that more than 
one receptor may be involved. In a number of 
systems the A, subtype of the P, receptor has 
been linked to activation of adenylate cyclase and 
increased intracellular cAMP Jevels [11,14]. 
Whether the purinoceptor-mediated effect on 
secretion also involves cAMP-dependent protein 
kinase, protein kinase C or another mechanism 
needs to be established. 

A variety of agents influence lung surfactant 
secretion in a number of different models and 
there is evidence that at least some of them are 
involved in the physiologic regulation of surfac- 
tant production [1,2]. In view of the magnitude of 
the response in comparison with other physiologic 
mediators of surfactant secretion it is tempting to 
speculate on such a role for purinoceptor agonists. 
Whether they do play such a role, however, must 
be established in a more physiologically ap- 
propriate model than isolated cells in culture. 
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The present study was conducted to examine esterification of retinol by testicular microsomes. The 
microsomes were isolated from rat testes and were incubated under varying assay conditions with [*H]reti- 
nol. [>H]Retinylpalmitate was identified by reversed-phase high-performance liquid chromatography as an 
esterified product. The rate of esterification was increased by the addition of a fatty acyl-CoA. Coenzyme A 
esters of oleic, palmitic and stearic acids were equally effective substrates for retinol esterification. A 17-fold 
increase was observed in the presence of palmitoyl-CoA when microsomes had been pretreated with 
hydroxylamine, a reagent that reacts with coenzyme A thioesters to form hydroxamic acids. The esterifying 
activity was stimulated by the addition of dithiothreitol (4 mM) and fatty acid-free bovine serum albumin (1 
mg/ml). The optimal concentrations for retinol and palmitoyl-CoA were 40 uM and 30—40 pM, respec- 
tively. The enzyme activity was inhibited by p-hydroxymercuribenzoate, sodium taurocholate and 5,5’-di- 
thiobis-(2-nitrobenzoic acid), but not by EDTA. The enzyme activity was highest in microsomes (36%). 
However, some activity was present in mitochondria (29%). These results clearly show the presence of a 
fatty acyl-CoA: retinol acyltransferase that catalyzes the esterification of retinol in rat testes. 


Introduction 


Vitamin A is stored in the liver primarily as 
retinyl palmitate. Vitamin A esters are hydrolyzed 
before retinol is transported from the liver to 
peripheral target tissues as the retinol—retinol-bi- 
nding protein-transthyretin complex which ıs a 
highly regulated process [1]. Although vitamin A 
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is known to be essential for the maintenance of 
normal testicular development and function, and a 
specific requirement for retinol for the mainte- 
nance of normal spermatogenesis has been well 
established [2], its molecular mechanism of action 
is not yet known. In recent years much progress 
has been made in the area of enzymology of 
vitamin A, particularly the retinyl ester hydrolase 
[3—5] and retinol esterifying enzymes [6—9] in vari- 
ous animal tissues. However, no information is 
available about the nature of these enzymes in rat 
testes, a target tissue for vitamin A. In continua- 
tion of our work on the metabolism of vitamin A 
and related retnoids, we have recently shown the 
in vivo formation of various retinyl esters from 
[?H]retinyl acetate injected directly into testes sug- 
gesting the presence of retinol esterifying enzyme 
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in rat testes [10]. Our preliminary studies showed 
that the addition of coenzyme A thioester of fatty 
acids enhanced the rate of retinol esterification by 
microsomes from rat testes and some of the results 
have been communicated in abstract form [11]. 
These observations prompted us to investigate fur- 
ther whether testicular microsomes can catalyze 
retinol esterification. 

In this manuscript we describe the optimal 
assay conditions, some of the characteristics and 
subcellular distribution of a fatty acyl-CoA: reti- 
nol acyltransferase in rat testes. 


Materials and Methods 


(15-7H(N)JRetinol (specific activity, 13.6 Ci/ 
mmol) was purchased from New England Nuclear 
(Boston, MA, U.S.A.). Before use, radioactive reti- 
nol was purified by HPLC on reversed-phase Par- 
tisil PXS 10/25 ODS-2 column with methanol: 
water (90: 10) at a flow rate of 1.0 ml/min (reten- 
tion time, 17 min), Both labeled and unlabeled 
retinol were stored in ethanol at — 80°C. Retinol 
(type X), bovine serum albumin (essentially fatty 
acid-free), dithiothreitol, butylated hydroxy- 
toluene, hydroxylamine hydrochloride, disodium 
ethylenediaminetetraacetate (EDTA), 5,5’-dithio- 
bis-(2-nitrobenzoic acid), succinic acid disodium 
hexahydrate, p-hydroxymercuribenzoate sodium 
salt, p-chloromercuriphenylsulfonic acid mono- 
sodium salt (p-CMPS), potassium cyanide, 
rotenone, sodium taurocholate, palmitoyl-CoA, 
oleoyl-CoA, stearoyl-CoA, p-nitrophenyl acetate, 
cytochrome c type III, B-nicotinamide adenine 
dinucleotide phosphate, reduced form (NADPH), 
p-iodonitrotetrazolium violet Grade I, were ob- 
tained from Sigma Chemical Company. Glass dis- 
tilled residue-free solvents of HPLC grade were 
used for extractions and HPLC. 

Male Sprague-Dawley Holtzman rats weighing 
240-270 g (Charles River Breeding Labs, Inc., 
Wilmington, MA, U.S.A.) were used. Rats were 
sacrificed by cervical dislocation under light dieth- 
ylether anaesthesia. 

Isolation of subcellular fractions. After removing 
the tunica albuginea, the testes were immediately 
homogenized in 3 vols. of 0.25 M sucrose buffered 
with 0.01 M potassium phosphate buffer (pH 7.4) 
containing 1 mM EDTA in a glass vessel with a 
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motor-driven Teflon pestle. Microsomes and sub- 
cellular fractions were isolated by differential ul- 
tracentrifugation according to the method de- 
scribed previously [12]. The homogenates were 
filtered through four layers of cheesecloth. The 
nuclear fraction was pelleted by centrifuging the 
homogenate at 800 x g for 10 min ın a Sorvall RC 
2-B centrifuge. The nuclear pellet was rehomoge- 
nized and recentrifuged as above. Both post- 
nuclear supernatant fractions were combined and 
centrifuged for 10 min at 11000 xg to pellet 
mitochondrial fractions. The resulting supernatant 
fraction was further centrifuged at 110000 x g for 
90 min in a Beckman Model L5-65 ultracentrifuge 
with Ti75 rotor to obtain the microsomal fraction. 
The microsomal pellet was suspended in 0.15 M 
potassium phosphate buffer (pH 7.4) and stored at 
— 80°C. 

Assay of acyl-CoA : retinol acyltransferase activ- 
ity. The enzyme activity was assayed according to 
the- method described previously [8] with slight 
modifications. The incubation mixture consisted 
of 20 nmol [°H] retinol (250000-300000 dpm) 
dispersed in 10 pl ethanol, 500 ug bovine serum 
albumin (essentially fatty-acid-free), 20 nmol 
palmitoyl-CoA, 2 pmol dithiothreitol and 100-150 
ug microsomal protein in a final volume of 0.5 ml 
in 0.15 M potassium phosphate buffer (pH 7.4). 
The addition of microsomes started the reaction 
after 5 min of preincubation at 37°C in a shaking 
water bath. After 10 min incubation, the reactions 
were terminated by the addition of 1 ml ethanol 
containing 100 ug butylated hydroxytoluene/ ml. 
To each tube 4 ml hexane was added and, after 
shaking, 0.8 ml water was added to obtain a clear 
hexane upper phase and lower aqueous ethanol 
phase. The hexane layer was removed and the 
extraction was repeated twice with 4 ml hexane 
each time to obtain maximum recovery (85-95%). 
The hexane extracts were combined, dried under a 
stream of nitrogen and redissolved in a known 
amount of acetonitrile : methanol (50:50, v/v). A 
known amount of the sample was used for sep- 
aration of retinol and retinyl palmitate by HPLC. 
The activity was expressed as pmol retinol esteri- 
fied after subtraction of values for incubations 
with boiled microsomes. All procedures with 
vitamin A compounds were carried out under gold 
light or in the dark. 
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Pretreatment of microsomes with hydroxylamine. 
Because CoA thioesters are known to react with 
hydroxylamine at neutral pH to form hydroxamic 
acids, the microsomes were pretreated with hy- 
droxylamine to determine whether this treatment 
might reduce the ability of microsomes to esterify 
retinol in the absence of exogenous fatty acyl-CoA. 
Hydroxylamine hydrochloride in water was ad- 
justed to pH 7.4 with NH,OH and diluted to 2.5 
M as described by Ross [6]. Frozen microsomes 
were thawed and diluted to 2.5 mg protein/ml in 
0.15 M phosphate buffer. 1 ml of this microsomal 
suspension and 0.25 ml hydroxylamine solution 
were mixed and incubated at 37°C for 20 min, 
then diluted with 7 ml cold 0.15 M phosphate 
buffer (pH 7.4) and centrifuged at 4°C for 30 min 
at 40000 r.p.m. in a Beckman L5-65 ultracentri- 
fuge in a Ti 75 rotor. The supernatant solution 
was discarded and pellets were rinsed with 4 ml 
phosphate buffer which was also discarded. The 
pellet was then homogenized in 5 ml of cold 
phosphate buffer and recentrifuged as above. The 
final washed pellets were homogenized in a small 
volume of phosphate buffer and stored at — 80°C 
until used for enzyme assay. In another experi- 
ment, the hydroxylamine was replaced by the 
buffer and used with the same treatment protocol 
as described above. 

Enzyme assay. The following marker enzymes 
were assayed: Succinic dehydrogenase (E.C. 
1.3.99.1) for mitochondrial fraction [13], rotenone- 
insensitive NADPH-cytochrome c reductase (EC 
1.6.2.3) was measured in the presence of 0.15 pM 
rotenone by following the reduction of cyto- 
chrome c at 550 nm at 23 + 1°C [14] and carboxyl 
esterase (EC 3.1.1.1) was measured with p- 
nitrophenyl acetate as substrate by following the 
increased extinction at 400 nm at 23+1°C [15] 
for the microsomal fraction. 

Protein was determined by the method of Lowry 
et al. [16] with bovine serum albumin (Fraction V 
powder, Sigma) as the standard. 

All HPLC separations were performed on a 
system previously described [17] with a 6-port 
sample injector (Valco Instruments Co., Houston, 
TX, USA). The reversed-phase octadecylsilane 
(ODS) columns used were Partisil PXS ODS-2 
and ODS-3, 10/25, 4.6 mm i.d.X 25 cm (What- 
man Inc., Clifton, NJ, U.S.A.). All columns were 


protected by precolumns 2 mm i.d. X 2 cm length 
(Upchurch Scientific, Inc., Oak Harbor, WA, 
U.S.A.) packed with Co: Pell ODS. Internal 
standards were detected by their absorbance at 
340 nm. Solvent composition for the separation of 
samples is described in the figure legends. 
Fractions (1 ml) were collected from the col- 
umn in 7-ml vials, and 5 ml scintillation fluid 
(Insta-Gel, Packard Instrument Company, Inc., 
Downers Grove, IL, U.S.A.) was added to each 
vial. The radioactivity was measured and cor- 
rected for quenching with a Model PO-1 PRIAS 
liquid scintillation spectrometer (Packard Instru- 
ment Company, Inc., Downers Grove, IL, U.S.A.). 


Results 


In the present study, the reaction product, reti- 
nyl palmitate and the substrate ([°H]retinol) re- 
maining after enzymatic reaction were separated 
and identified by HPLC as shown in Fig. 1. In one 
of the experiments the authenticity of the product 
was further confirmed by collecting the retinyl 
palmitate peak, subjecting it to alkaline ethanol 
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Fig. 1 The HPLC profile of a mixture of retinol and retinyl 
palmitate separated on a Partisil PXS 10/25 ODS-3 (46 mm 
d X25 cm) column with acetomtrile/methanol (55:45) at a 
flow rate of 1 ml/min 


hydrolysis, extracting and separating by HPLC. 
As shown in Fig. 2, all radioactivity comigrated 
with retinol. A negligible amount of radioactivity 
comigrated with retinyl palmitate when [°H]reti- 
nol was incubated with heat-inactivated mi- 
crosomes and served as control (Fig. 2A). These 
data not only provided evidence that the retinol 
esterification occurred during incubations with 
microsomes and not after their heat-inactivation, 
but also that the product comigrated with authentic 
retinyl palmitate and its formation was dependent 
on the presence of both retinol and palmitoyl-CoA. 

Initial experiments were performed to de- 
termine what exogenous substrates and/or supp- 
lements are needed for the retinol esterification by 
testicular microsomes. The addition of fatty acyl- 
CoA, dithiothreitol, and bovine serum albumin to 
incubation mixture enhanced retinyl ester synthe- 
sis (Table I). 

Studies were conducted to define further the 
optimal conditions for the enzyme assay. As shown 
in Fig. 3, the rate of retinyl ester formation was 
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Fig 2 Enzymatic formation of [?H]retinylester from [? H]reti- 
nol and palmitoyl-CoA by rat testicular microsomes (A) The 
incubation mixture contained normal ( ) and heat-in- 
activated (--~---- } microsomes. Incubation time was 30 min 
The lipid extracts of the incubation mixtures were separated by 
HPLC as described ın the legends of Fig. 1. (B) The (7 H]retiny! 
palmitate peak was collected (Fig 2A) and was subjected to 
alcoholic KOH hydrolysis The lipid extracts were separated by 
HPLC as described above 
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TABLE I 


EFFECT OF DELETING ESSENTIAL COMPONENTS ON 
RETINOL ESTERIFICATION BY MICROSOMES FROM 
RAT TESTES 


The complete system consists of 20 nmol of [?H)retinol 
(250000-300000 dpm), 500 ug of bovine serum albumin-fatty 
acid free, 20 nmol of palmitoyl-CoA, 2 umol of dithiothreitol 
and 135 ug of microsomal protein in a final volume of 05 ml 
in 0.15 M phosphate buffer (pH 7.4) The individual essential 
components as indicated, were omitted from the incubation 
mixture The values given are means+5.D (n= 4). 


Percent enzyme activity 


Complete system 100 * 

(A) Palmitoyl-CoA 40.0+130 
(B) Dithiothreitol 53.04+104 
(C) Bovine serum albumin 510+ 5.1 
(D) (A, B and C) 257+ 03 


* Retinyl ester formed (236 pmol/mg protein per min) 


linear with time for 10 min, but progressed with 
time for 30 min. A linear relationship was found 


- between retinol esterification and microsomal pro- 


tein and the optimal concentration was in the 
range of 100-130 pg/0.5 ml incubation mixture. 
The enzyme activity was stimulated by the ad- 
dition of bovine serum albumin and dithiothreitol 
and optimal concentrations were 1 mg/ml and 4 
mM, respectively. When microsomes were heated 
in a water bath at-70°C for 20 min, the enzyme 
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Fig. 3 The effect of tume (A), concentration of microsomal 
protein (B), bovine serum albumin (C), and dithiothreitol (D) 
on retinol esterification by testicular microsomes 
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activity was completely abolished. This strongly 
indicates that testicular tissue contains the acyl- 
CoA: retinol acyltransferase activity. Maximal rate 
of esterification was obtained when retinol con- 
centration was 30-40 uM and further increase 
was inhibitory (Fig. 4A). The acyl-CoA: retinol 
acyltransferase activity increased by the addition 
of palmitoyl-CoA and 40 uM was found to be 
optimal concentration (Fig. 4B). 

To answer the question why there was a con- 
sistent formation of some retinyl esters by mi- 
crosomes without the addition of exogenous fatty 
acyl-CoA, we treated microsomes with hydroxyl- 
amine hydrochloride, a reagent known to react 
with CoA thioesters to form hydroxamates at neu- 
tral pH [18,19]. Microsomes from testes pretreated 
with hydroxylamine were incubated with [*H]reti- 
nol under optimal assay conditions in the absence 
or presence of palmitoyl-CoA. As shown in Table 
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Fig 4 The effect of concentration of retinol (A) and 
palmitoyl-CoA (B) on retinol estenfication by testicular micro- 
somes. 


H, hydroxylamine-treated and buffer-treated mi- 
crosomes could esterify 14 pmol/mg protein per 
min and 83 pmol/mg protein per min, respec- 
tively, a 6-fold decrease in the enzyme activity by 
the pretreatment of microsomes with hydroxyl- 
amine. When exogenous palmitoyl-CoA was ad- 
ded to the incubation mixture, a 17-fold increase 
in the esterification of retinol was observed in the 
hydroxylamine-treated microsomes, but with 
buffer-treated microsomes, only a 4-fold enhance- 
ment was seen. These results strongly suggested 
the presence of an endogenous pool of fatty acyl- 
CoA in rat testes and provide sufficient evidence 
that the retinol esterification observed in the ab- 
sence of exogenous palmitoyl-CoA was due to the 
presence of the endogenous pool of fatty acyl-CoA. 

Experiments were conducted to determine the 
fatty acid specificity of the retinol esterifying en- 
zyme reaction. Coenzyme A esters of oleic, palmitic 
and stearic acids were incubated with testicular 
microsomes pretreated with hydroxylamine. No 
difference in retinol esterification was observed 
and each fatty acyl-CoA was an equally effective 
substrate for the enzyme activity (oleoyl-CoA, 191 
+ 1.4 pmol/mg protein per min; palmitoyl-CoA, 
194 + 14.9; stearoyl-CoA, 180 + 10.6; n= 2). 
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Fig 5 The effect of 5,5’-dithiobis-(2-nitrobenzoic acid) on the 
acyl-coenzyme A . retinol acyltransferase activity. The inhibitor 
was added ın buffer before start of preincubation 


TABLE H 
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EFFECT OF PRETREATMENT OF MICROSOMES ON THE ESTERIFICATION OF RETINOL 


Rat testicular microsomes were treated with hydroxylamine or buffer Values given are means+$D of duplicate determinations. 


Pretreatment Additions 

of or 

microsomes omissions 

Buffer without palmitoyl-CoA 
with palmitoyl-CoA 

Hydroxylamine without palmitoyl-CoA 
with palmitoyl-CoA 

TABLE III 


Retinylester Increase in 
formed the presence 
(pmol/mg of acyl-CoA 
protein per min) 
83 +38.7 
303 +05 3 7-fold 
14+03 
232+0.1 16 6-fold 


SUBCELLULAR DISTRIBUTION OF ACYL-CoA RETINOL ACYLTRANSFERASE AND SOME MARKER ENZYMES IN 


SUBCELLULAR FRACTIONS ISOLATED FROM RAT TESTES 


The data are from subcellular fractions isolated from four pooled testes N, nuclear; M, mitochondrial, P, microsomal fractions, S, 


cytosol. The values given are meanst+S D (n = 4). 


Enzyme 

N 
Acyl-coenzyme A. retinol acyltransferase 20642.1 
Succime dehydrogenase 33 744.6 
NADPH-cytochrome c reductase 22.6 + 3.42 
Carboxylesterase 7.4407 
Protein 233429 
TABLE IV 


EFFECTS OF SOME ENZYME INHIBITORS ON THE 
ACYL-COENZYME A:RETINOL ACYLTRANSFERASE 
ACTIVITY 


The enzyme inhibitors were added ın buffer before preincuba- 
tion. Values given are means+S.D. of duphcate determina- 
tions. 





Additions Concen- Retinylester Enzyme 


tration formed activity 
(mM) (pmol/mg | (% of 


protein per min) control) 





None (control) ~ 266410 5 100 
p-Hydroxymercun- 20 168 + 27.4 63 
benzoate 60 664+ 11 25 
p-Chloromercuri- 2 201+ 5.0 76 
phenylsulfonic acid 6 254 28 9 
10 16+ 5.0: 6 

Ethylenediamine- 
tetraacetic acid 2 251+ 2.8 94 





Relative distribution of enzyme activity in percent of total activity (N+ M+P +S) 


M P S 

28.8+16 36.3+0 8 143427 
49.9 +0.3 6.9404 9.6404 
2994+1.4 44841.5 41425 
242443 630431 55418 
15.6405 154409 457426 


The results in Table III show the distribution of 
acyl-CoA : retinol acyltransferase activity in sub- 
cellular fractions isolated from homogenates of 
total testicular tissue and known marker enzymes 
for mitochondnal and microsomal fractions. The 
acyl-CoA : retinol acyltransferase activity was 36% 
of the total activity in the microsomal fraction, 
whereas mitochondria contained 29% of the total 
activity. 

The effect of various enzyme inhibitors, sulf- 
hydryl blocking reagents, a chelator of divalent 
cations and a detergent, on the esterification of 
retinol was studied. p-Hydroxymercuribenzoate 
sodium salt, p-chloromercuriphenylsulfonic acid 
monosodium salt and 5,5’-dithiobis-(2-nitroben- 
zoic acid) inhibited the enzyme activity, suggesting 
that the reduced sulfhydryl groups are required 
either for the enzyme or its thioester substrate, 
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fatty acyl-CoA (Table IV and Fig. 5). Addition of 
sodium taurocholate to incubation mixture 
markedly inhibited the retinyl ester formation by 
testicular microsomes and the inhibition was es- 
sentially complete at 8 mM concentration (Fig. 6). 


Discussion 


The main objective of this study was to demon- 
strate the presence of retinol-esterifying enzyme in 
rat testes and to investigate whether the esterifica- 
tion of retinol by testicular microsomes is cata- 
lyzed by a fatty acyl-CoA: retinol acyltransferase, 
like the esterification of cholesterol (acyl-CoA: 
cholesterol acyltransferase, EC 2.3.1.26) and other 
lipids or perhaps by a different type of reaction 
such as transesterification [12,20—23]. Our results 
have demonstrated for the first time the presence 
of acyl-CoA: retinol acyltransferase in rat testes, 
the enzyme catalyzing the esterification of retinol 
through the transfer of fatty acyl moiety from 
fatty acyl-CoA to retinol. Direct evidence came 
when [?H]retinol was incubated with hydroxyl- 
amine-treated microsomes and enzyme activity 1n- 
creased 17-fold by the addition of palmitoyl-CoA. 
Thus, the basal enzyme activity observed in the 
absence of untreated microsomes was due to the 
presence of a fatty acyl-CoA pool in rat testes. 
Retinol esterification increased by addition of 
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Fig. 6 The effect of taurocholate on the acyl-coenzyme A: reti- 
nol acyltransferase activity. The inhibitor was added ın buffer 
before start of preincubation 


bovine serum albumin and dithiothreitol but the 
extent and kinetics were slightly different than 
observed in other tissues where either the increase 
was greater or the requirement was absolute [6-9]. 
The exact mechanism by which bovine serum al- 
bumin stimulated the retinol esterification is not 
clear; however, there are few possibilities: (i) the 
enzyme inhibition by long-chain fatty acyl-CoA at 
a concentration above their critical micellar con- 
centration may be reversed by albumin due to its 
binding capacity and thus the molar ratio of acyl- 
CoA to albumin may be critical for the enzyme 
activity; or (ii) vitamin A is unstable in aqueous 
solutions and there is some evidence that bovine 
serum albumin may bind retinol and thereby ın- 
crease its stability, but with hydroxyl group still 
free for enzymatic reaction or further metabolic 
transformation. 

Observations from several laboratories have 
established that the esterification of tri- 
acylglycerols, phospholipids, cholesterol [12,20—23] 
and retinol [6~9] takes place in microsomes of 
various tissue and organs. The esterification is 
generally catalyzed by acyl-CoA transferases using 
coenzyme A thioesters of fatty acids. The acyl- 
CoA : retinol acyltransferase activity in testes was 
mainly localized in testicular microsomes but sig- 
nificant activity was present in the mitochondrial 
fraction. The subcellular distribution of acyl- 
CoA:retinol acyltransferase has not been re- 
ported in other tissues. Our data on subcellular 
distribution of marker enzymes were in good 
agreement with the results reported by others [24]. 
It is still less certain whether acylation may occur 
at additional subcellular sites such as plasma 
membranes or mitochondria. However, acyltrans- 
ferase activity has been reported in outer mem- 
brane of rat liver mitochondria which was not due 
to microsomal “contamination [25-27] and in 
plasma membrane [28]. Therefore, whether the 
retinol esterification by subcellular fractions other 
than microsomal from rat testes is due to con- 
tamination of these fractions with microsomes or 
the activity is associated with mitochondria, at the 
moment, could not be established. The enzyme 
activity did not change when different fatty acyl- 
CoAs (oleoyl-, palmitoyl- and stearoyl-CoA) were 
used. It appears that retinol esterifying enzyme 
from testes displays a rather broad specificity 


towards activated fatty acids. However, acyl- 
CoA: retinol acyltransferase activity was higher 
with palmitoyl-CoA than with oleoyl-CoA in rat 
and human intestine [8,9], whereas higher activity 
has been reported in rat mammary gland with 
oleoyl-CoA [7]. l 

The biological significance of the presence of 
acyl-CoA : retinol acyltransferase in ‘testis can, at 
the present, only be conjectured. There is evidence 
that testicular tissue do contain various retinyl 
esters and retinyl palmitate is the major esterified 
form of vitamin A. Our earlier results have further 
suggested that vitamin A may also, in addition to 
hver, be stored in testis as retinyl esters [10]. If 
that is the case, acyl-CoA: retinol acyltransferase 
could play an important role in the. regulation of 
retinol/retinyl ester ratio in testes, and thereby 
the metabolism of vitamin A. Free retinol is less 
stable, much more sensitive to oxidation and toxic 
to cell and cell membranes than the retinol com- 
plexed with protein(s). Thus, the holo-retinol- 
binding protein prevents membranolytic effects of 
free retinol during the transport of retinol from 
the liver to peripheral tissues [1] and another 
protein called cellular retinol-binding protein may 
act as a vehicle in the intracellular transport of 
retinol. Cellular retinol-binding protein has been 
implicated in the biological expression of retinol 
activity in the cell [29]. A retinol ester cycle may 
be operating in testes which could play an im- 
portant role in the regulation of the flux of free 
retinol. The role of acyl-CoA: retinol acyltrans- 
ferase may be to sense the level of free retinol in 
the cell and, by esterifying the excess, as well as to 
provide a store of retinyl esters, probably in Sertoli 
cells [30]. 

Since the properties of rat testicular acyl-coen- 
zyme A: retinol acyltransferase correspond closely 
with those of acyl-CoA:cholesterol acyltrans- 
ferase, activity of both enzymes is membrane 
bound, sensitive to detergents and inhibited by 
polar steroid progesterone and sulfhydryl blocking 
agents [6—9,21,23], one can raise the question 
whether the esterification of retinol and cholesterol 
in rat testes is catalyzed by the same enzyme. 
There is evidence that cholesterol and retinol 
acyltransferase might be different enzymes. This 
concept is further supported by the experiments 
showing that the acyl-coenzyme A: cholesterol 
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acyltransferase activity is completely inhibited by 
a selective inhibitor 58-035 (3-[decyldimethyl]-N- 
{2-(4-methylphenyl)-1-phenylethyl]propanamide) 
without affecting the acyl-coenzyme A: retinol acyl 
transferase activity in both rat hepatoma and 
arterial smooth muscle cells in culture [31]. 
Rasmussen et al. [32] have recently reported that 
the activity of acyl-CoA: retinol acyltransferase in 
rat liver and small intestine increased significantly 
by feeding large doses of vitamin A. Using rat 
liver cells in culture, Drevon et al. [33] have fur- 
ther suggested that the esterification of retinol and 
cholesterol may be catalyzed by two different 
enzymes. At the moment, it is difficult to answer 
this question and much work is needed to say 
whether both enzyme activities are due to the 
same enzyme or different enzymes in rat testes. 
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Metabolism of platelet-activating factor (alkylacetylphosphocholine) 
by type-II epithelial cells and fibroblasts from rat lungs 
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The uptake and metabolism of *H-labeled platelet-activating factor by interstitial and epithelial cells from 
rat lungs was investigated. The uptake of 1-O-[>H]octadecyl-2-acetyl-sn-glycero-3-phosphocholine (*H- 
AGEPC) by alveolar type-II cells was linear with time from 5 to 60 min, with an average rate of 660 and 450 
fmol /10° cells for cells in primary culture for 48 to 72 h, respectively. AGEPC was rapidly metabolized and 
by 10 min 60% of AGEPC was converted into long-chain acylphosphatidylcholine (PC) (50%) and 
1-O-alky1-2-lyso-sn-glycero-3-phosphocholine (lyso-GEPC) (10%). By 60 min radioactivity in AGEPC was 
less than 10% of the total intracellular activity. Lyso-GEPC remained at about 10% throughout the 
incubation period. The uptake of 7H-AGEPC by fibroblasts was very similar to type II cells, but the rate of 
metabolism was slower. AGEPC in fibroblasts constituted 85% of the cellular counts after 10 min of 
incubation, and 50% by 60 min. After 60 min only 30% of the AGEPC was converted to alkylacyl-PC. 
Characterization of the fatty acids in the alkylacyl-PC of both the type-II cells and lung fibroblasts indicated 


that arachidonic acid was preferentially (more than 90%) inserted at the 2-position. 


Introduction 


Platelet-activating factor, a phospholipid with 
the structure of an alkylacetyl glycerophospho- 
choline, has been shown to have a spectrum of 
diverse biological activities, and may be involved 
in several pathophysiological events [1-4]. In 
animal studies intravenous injection of less than 1 
nmol/kg induces severe cardiovascular and 


Abbreviations *H-AGEPC, 1-0-[(} H]octadecyl-2-acetyl-sn- 
glycero-3-phosphocholine, lyso-GEPC, 1-O-alkyl-2-lyso-sn- 
glycero-3-phosphocholine; PC, phosphatidylcholhne; TNS, 6- 
p-toluidine-2-naphthalenesulfonic acid; PAF, platelet-activat- 
ing factor. 
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istry, The University of Texas Health Science Center at San 
Antomo, 7703 Floyd Curl Drive, San Antomo, TX 78284, 
U S.A. 


pulmonary alterations, including systemic hypo- 
tension, increased pulmonary resistance and de- 
creased dynamic lung compliance [5,6], and the 
induction of pulmonary vasoconstriction and 
edema [7]. PAF is produced by a variety. of 
activated cells, including platelets [8], neutrophils 
[9], monocytes [10], basophils [11], endothelial cells 
[12] and alveolar macrophages [13], and several of 
these cells are present in the parenchyma of the 
lungs. In an earlier study we reported that 
glycerylethers were present in the phosphati- 
dylcholine fraction of lung surfactant, and that 
PAF-like activity could be found in the lavage 
fluids of mongrel dogs and rabbits [14]. Recently, 
Billah and Johnston [15] have observed PAF-like 
activity in the amniotic fluid of some women prior 
to onset of labor. Stenmark and coworkers [16] 
have reported the presence of PAF-like activity in 
the lavage fluids of nine out of nine infants with 
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bronchopulmonary dysplasia. We have found 
PAF-like activity in the lavage fluids obtained 
from premature baboons (140 days gestational 
age) who had been ventilated for 6 days with 100% 
O., but not in non-ventilated animals (unpub- 
lished observations). It is evident, therefore, that 
PAF 1s released into alveolar fluids of animals and 
humans, even under conditions not associated with 
severe lung injury. Since PAF has potent patho- 
logical effects which could exacerbate a pre-exist- 
ing condition of lung damage, we considered it 
important to determine how its biological activity 
may be regulated. 

The metabolic fate of this compound has been 
investigated in plasma [17], intact cells [18—21] as 
well as in vivo [22], and is generally associated 
with the removal of the acetyl group to form the 
inactive lyso derivative. In intact cells there is a 
transient formation of a lyso derivative, with the 
subsequent esterification of a long-chain fatty acid 
at the 2-position to form 1-O-alkyl-2-acyl-sn- 
glycero-3-phosphocholine (alkylacyl-PC), of which 
arachidonic acid appears to be the predominant 
molecular species. The existence of these pathways 
in certain lung cells has been investigated. Since 
PAF released into the alveolar fluid might interact 
with alveolar epithelial cells, and that released into 
the interstitial space might encounter fibroblasts, 
we have determined the capability of these cells to 
metabolize PAF. Further, we have determined the 
time course of the generation of its metabolites, 
and have characterized the composition of the 
formed alkylacyl-PC. The results show that type II 
cells in primary culture rapidly hydrolyze PAF, 
and form alkylacyl-PC containing arachidonic acid 
at the sn 2-position. Similar findings were ob- 
tained using lung fibroblasts, although the kinetics 
of the reactions were significantly different. 


Experimental procedures 


Materials 

Labeled PAF 1-O-(?H-10,11-octadecyl]-2- 
acetyl-sn-glycero-3-phosphocholine (7H-18 : 0- 
AGEPC, 67 Ci/mmol) was prepared by tritation 
(New England Nuclear) of 1-O-{10,11-cis)-sn- 
glycero-3-phosphocholine. *H-18 : 0-lyso-GEPC 
was prepared by mild alkaline hydrolysis of 3H- 
AGEPC, followed by purification to more than 


99% radiopurity on thin layer chromatography 
and HPLC. Lipid standards for TLC were 
purchased from Sigma Chemical Co., St. Louis, 
MO and Serdary Research Laboratories. Vitride 
was obtained from Alfa Products. Fatty acid 
anhydrides (palmitoyl, oleoyl, linoleoyl, lino- 
lenoyl, and arachidonoyl) were products of Nu 
Chek Prep (Elysian, MN). 1-O-octadeyl-2-lyso- 
sn-glycero-3-phospholcholine was obtained from 
Nova Biochem, Switzerland. TNS spray for the 
identification of lipid spots on TLC under UV 
light was prepared in our laboratory as previously 
described [23]. TLC plates coated with 250 um 
silica gel G were products of Analtech (Neward, 
NJ). 10% SP 2330 on 100/120 mesh Chromosorb 
was obtained from Supelco, Bellefonte, PA. Phos- 
pholipase C Bacillus cereus, (specific activity, 145 
units per mg protein) was purchased from 
Calbiochem-Behring Corp. All fatty acid methyl 
ester standards were obtained from Applied Sci- 
ence Laboratories (State College, PA). The follow- 
ing materials were also used in this study; bovine 
serum albumin (Miles Laboratories Inc., Naper- 
ville, IL), fetal calf serum (GIBCO Laboratories, 
New York), trypsin (Sigma, type ID, ACS scintil- 
lation cocktail (Liquiscint, Somerville, NJ), 2-7-di- 
chlorofluorescein (Sigma Chemical Co.). All 
solvents used were of reagent grade. 


Methods 

Unless otherwise stated, all solvent mixtures for 
extraction and thin layer chromatography were 
prepared on a volume to volume basis. TLC plates 
were prewashed with the appropriate developing 
solvent and then activated by heating for 30 min 
at 140°C immediately before use. 1-O-octadecyl- 
2-acyl-sn-glycero-3-phosphocholine containing 16: 
0, 18:1, 18:2, 18:3, and 20:4 fatty acyl groups 
at the sn-2 position were prepared by the method 
of Gupta et al. [24]. Lyso-GEPC was acylated with 
specific fatty acid anhydrides in anhydrous chlo- 
roform in the presence of 4,4-dimethylaminopyri- 
dine at room temperature for 36 h. The reaction 
mixture was extracted by the method of Bligh and 
Dyer [25]. The organic phase containing the 
acylated product was purified on TLC using chlo- 
roform/methanol/ water system (65:35:6). The 
identity of each of the homologs was confirmed by 
analysing the methyl esters of the fatty acids, 


obtained after base-catalyzed methanolic hydroly- 
sis of the compounds, using gas-liquid chromatog- 
raphy. Standards of 1-O-octadecyl-2-long chain 
acyl-3-acetyl-glycerol were prepared essentially by 
the method of Kumar et al. [26]. 1-O-alkyl-2-acyl- 
PC containing various fatty acyl groups at the 
2-position (16:0, 18:1, 18:2, 18:3, 20:4) were 
subjected to phospholipase C treatment, and the 
resulting 1-O-alkyl-2-acyl-3-glycerol was purified 
by TLC and acetylated with acetic anhydride and 
perchloric acid. The product, 1-O-octadecyl-2- 
acyl-2-acetyl glycerol, was purified by preparative 
TLC using silica gel G plates developed in petro- 
leum ether / diethylether / acetic acid (90:10: 1). 


Preparation of alveolar type H cells 

Alveolar type II cells were prepared by a slight 
modification of the method of Dobbs and Mason 
[27]. Animals were anaesthetized by in- 
traperitoneal injection of sodium pentabarbital (20 
mg/kg). A tracheal cannula was inserted and the 
animals were ventilated with air. The lungs were 
perfused with RPMI 1640 (culture 'medium) at a 
pressure of about 20 cm H,O until the lungs were 
visibly cleared of blood, and then quickly excised. 
Alveolar macrophages were partially removed by 
endobronchial lavage with Hanks ,buffer in the 
absence of calcium and magnesium. The lungs 
were then filled with 1 mg/ml trypsin dissolved in 
RPMI 1640, minced finely with small sharp scis- 
sors, and incubated for 20 min at 37°C ona 
rotary platform. The tissue was filtered through 
100 um nylon mesh, and the cells passing through 
the filter were collected. 10% (by volume) fetal calf 
serum was added, and the cells were pelleted by 
low-speed centrifugation. These cells were gently 
suspended in 90% RPMI 1640/10% fetal calf 
serum, and plated on a plastic dish for 60 min. 
The cells not adherent after 1 h were transferred 
to a plastic T flask and maintained for 48-72 
hours in 90% RPMI 1640/10% fetal calf serum. 
Adherent cells consisted of nearly 90% type II 
cells, as indicated by the intracellular organelles 
associated with lamellar inclusions, visible by in- 
verted-phase microscopy, and their staining with a 
modified Papanicolaou procedure [28]. Greater 
than 95% excluded trypan blue. In previous ex- 
periments [29] it had been determined that these 
cells synthesized dipalmitoyl! phosphatidylcholine 
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and the 35 kDa protein associated with pulmonary 
surfactant. Cells isolated from 2—4 rats were used 
for each experiment. 


Preparation of lung fibroblasts 

Lung fibroblasts were obtained from adult rat 
lung by enzymatic dissociation of cells using 1 
mg/ml trypsin. Cells adhering to the plastic cell 
culture plates after 1 h were passed 4 times in 90% 
minimum essential media containing 10% fetal 
calf serum. Cell cultures appeared homogeneous 
by inverted phase contrast microscopy. 


Incubation conditions and lipid analysis 

Alveolar type-II cells were rinsed five times 
with serum free medium. 20 pl of 1-O-[?H]-oc- 
tadecyl-2-acetyl-sn-glycero-3-phosphocholine 
(AGEPC; specific activity, 65.7 Ci/mmol) bound 
to bovine serum albumin (2.5 mg%) were pre- 
sented to cells in 2 ml serum free medium contain- 
ing 0.05% bovine serum albumin which had been 
prewarmed to 37°C, to provide a final concentra- 
tion of 1:107? M. At the end of the incubation 
period, which varied from 2 to 60 min, the cells. 
were washed three times with cold medium, 
scraped with a rubber policeman into chlo- 
roform/ methanol (1:2, v/v) and the lipids were 
extracted by the method of Bligh and Dyer [25]. 
The medium was also extracted. The entire proce- 
dure took less than 2 min. These extracted 
materials were then spotted on silica gel G plates, 
together with carriers of nonlabeled AGEPC, 
lyso-GEPC, and egg PC. Lipids were separated in 
a solvent system of chloroform/ methanol / water 
(65 : 25: 6, v/v). The individual lipids were located 
under ultraviolet light after spraying with TNS. 
The fractions were scraped directly into vials and 
radioactivity was determined in a Beckman LS 
6800 liquid scintillation spectrometer. 


Chemical procedures 

To determine if the >H-label was present in the 
alkyl moiety of the acylated GEPC, the PC frac- 
tion was isolated from TLC, extracted, and sub- 
jected to base-catalyzed methanolysis for 1 h at 
room temperature [26]. After neutralization of the 
mixture, the organic phase was separated and 
chromatographed on a silica gel G plate using 
chloroform : methanol: H,O (65: 35:6, v/v). The 
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TLC plate was sprayed with TNS and the area 
corresponding to various lipid standards was 
visualized under ultraviolet light, and scraped into 
the scintillation vial for radioactive determination. 

Two methods were used to analyze the molecu- 
lar species of the 1-O-[?H]alkyl-2-long chain acyl- 
GEPC. First the phosphatidylcholines, separated 
on TLC, were subjected to an acetolysis procedure 
[30], using acetic anhydride and glacial acetic acid 
in the ratio of 2:3 at 150°C for 5 h; or alterna- 
tively by treatment with phospholipase C followed 
by acetylation with acetic anhydride and perchlo- 
ric acid. The 1-O-[?H]alkylacyl acetate derivatives 
were purified on TLC, using silica gel G plates 
developed in a solvent system of chloroform- 
acetone (94/6), and extracted from the plate with 
the solvent of Bligh and Dyer [25]. The purified 
acetate derivatives were mixed with the non-radio- 
labeled standards containing specific fatty acyl 
groups at the 2-position, and separated into vari- 
ous species by argentation chromatography using 
silica gel G plates coated with 10% silver nitrate. 
Plates were first developed in chloroform-methanol 
(95:5, v/v), followed by chloroform only [31], or 
with a solvent system of benzene/chloroform 
(99:1, v/v) [32]. The individual species were 
located under ultraviolet light after spraying the 
plates with 0.2% dichlorofluorescein. The distribu- 
tion of the label in the various molecular species 
was determined by scintillation counting. 

In the second method the composition of alkyl 
acyl PC was determined by reverse phase HPLC, 
using a modification of the procedure of Patton et 
al. [33]. The reverse phase HPLC was performed 
by employing a C-18 radial pack cartridge (Waters, 
Milford, MA) using a solvent system of 
methanol-acetonitrile-water (83:10:7, v/v) con- 
taining 200 mM choline chloride, with an elution 
rate of 1 ml/min. The radioactive molecular 
species were monitored by counting aliquots of 
the eluants, collected at the rate of 1 ml/min, or 
by using a radioactive flow detector (Flo One/ 
Beta, Radiomatic Instruments and Chemical Co., 
Tampa, FL) fitted with a 0.25 mm plastic cell. The 
radioactive peaks were identified by coinjecting 
phospholipid standards mixed with the radioactive 
cell lysate, which was monitored by ultraviolet 
absorbance at 206 nm. 


Results 


Recovery of *H-AGEPC 

The adsorption of 7>H-AGEPC of high specific 
activity to glass and plastic ware has been ob- 
served by many investigators [34]. It was therefore 
necessary to establish a protocol which would give 
good recovery of AGEPC and its metabolites. 
Culture medium in plastic dishes was incubated 
with 1-107? M ?H-AGEPC at 37°C for various 
time intervals. The medium was then extracted by 
a Bligh and Dyer [25] solvent partition and the 
chloroform soluble fraction was analyzed for ra- 
dioactivity level. Greater than 90% of the label 
was recovered when the cultured medium con- 
tained 0.05% albumin. In contrast, when the 
medium did not contain any added albumin, only 
36% of the label was recovered after 1 h. In 
another set of experiments, recoveries of radioac- 
tivity of up to 95% were obtained when °H- 
AGEPC was added to cells in culture medium 
containing 0.05% albumin (Fig. 1). All subsequent 
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Fig 1 Recovery of 7H-AGEPC after incubation with type-II 
cells at various time intervals. Cells (approx 1-10°) in pnmary 
culture contaimng varying amounts of albumin were incubated 
with 2 ul (1 107°? M) 7H-AGEPC (specific activity, 65 7 
Ci/mmol, 12-10° cp.m.). Medium and cells were extracted 
together and analyzed for isotope recovery. @ @, 0% 
albumin; O O, 0.05% albumin; A A, 0.1% al- 
bumuin (7 = 2). 











experiments therefore, were conducted in the pres- 
ence of 0.05% albumin. 


Cellular uptake and metabolism of ?H-AGEPC 
Alveolar type II cells and fibroblasts were in- 
cubated with 7H-AGEPC at varying time intervals 
as described in the methods. The lipids from the 
cells and media were extracted and analyzed by 
TLC using a chloroform/methanol/ water sys- 
tem. Three major areas of radio-labeled lipids 
were identified and isolated: lyso-GEPC, AGEPC, 
and PC. In Fig. 2 is shown the uptake of AGEPC 
by type-II cells in primary culture for 48 and 72 h. 
The uptake is approximately linear with time from 
5 through 60 min (the longest time interval studied) 
with an average rate of 660 fmol AGEPC/h per 
million cells found for 48-h cultures and 450 
fmol/h per million cells for 72-h cells. The slopes 
of the linear regression lines, however, were not 
statistically different. The intracellular metabolism 
of the AGEPC is shown in Figs. 3 and 4 expressed 
as either the percentage distribution of the radio- 
activity in the metabolites (Fig. 3) or the amount 
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Fig 2 The uptake of >H-AGEPC by alveolar type-II cells in 
primary culture for 44~72 h. 2 pmol *H-AGEPC (specific 
activity 65.7 Ci/mmol) were presented to approx. 750000 cells 
as described in Methods At various tıme intervals the medium 
was removed, and the cells were washed three times with 
ice-cold medium These cells were then scraped from the plate 
into 1 ml of cold medium, repeating the procedure three times 
Shown are the means and standard errors for four experiments 
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Fig: 3. Distribution of metabolites of 7H-AGEPC in type-II 
cells. AGEPC and its metabolites were separated on TLC and 
the lipids were scraped into scintillation vials. The percentage 
of the radioactivity in individual samples was calculated based 
on total radioactivity applied to the TLC plate Shown are 
mean and standard errors of four experiments 


of radioactive metabolites found in the cells 
(fmol/10° cells) (Fig. 4). From Fig. 4 it can be 
seen that a constant intracellular level of AGEPC 
is reached in 10 min. Radioactivity in the alkyl 
acyl PC found in the media increased with time, 
suggesting that some of the cellular alkyl acyl PC 
was released into media (data not shown). When 
the intracellular counts are expressed as a per- 
centage of the total radioactivity recovered at each 
time point, as in Fig. 3, the pattern of AGEPC 
metabolism could be determined. By 1 h AGEPC 
was less than 10% of the intracellular radioactiv- 
ity. Lyso-GEPC remained at about 10% 
throughout the entire incubation period. Approx. 
8—10% of the radioactivity was consistently found 
in the neutral lipid fractions on the TLC (data not 
shown), and the majority of these counts migrated 
in TLC as monoglycerides. Two types of control 
experiment were run concomitantly. In the first 
cell cultures which were maintained at 5°C and 
had essentially no metabolic activity towards 
AGEPC were presented with 7>H-AGEPC, and the 
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Fig 4. Distribution of metabolites of 7>H-AGEPC in type-II 
cells expressed as fmol of phospholipids per million cells 


second in which labeled AGEPC was added to 
media only and maintained at 37°C for 1 h. In 
both control experiments AGEPC was recovered 
without any appreciable (less than 2%) break- 
down. 

In order to establish if alveolar type-II cells in 
primary culture for 70 h were capable of hydrolyz- 
ing all of its intracellular pool of AGEPC, when 
the AGEPC in the culture medium was removed, 
cells were incubated with 7H-AGEPC (2 pmol) for 
10 mi at 37°C. After the incubation period, the 
medium was replaced with fresh medium without 
AGEPC and the cells were incubated further for 
up to 60 min. Medium and cells were separately 
analysed for AGEPC and its metabolites. Lyso- 
GEPC constituted about 5% of the cellular counts, 
and remained constant throughout the incubation 
period. The intracellular level of 7H-AGEPC at 10 
min (i.e., 10 min after the 10 min preincubation 
with 7>H-AGEPC in the medium and subsequent 
wash) was 30% of cellular counts. Within 30 min 
its activity decreased to 10% (50 fmol) and re- 


mained approximately at this level up to 60 min. 
Similarly, a corresponding increase in the al- 
kylacyl-PC was observed from 10 to 30 min. In 
the medium, the level of radioactivity of AGEPC 
dropped to 70% at 60 min, whereas in the lyso- 
GEPC fraction it increased to 18%. Alkylacyl-PC 
in the medium also increased from 1% to 5%, 
thereby indicating some release of this metabolite. 


Metabolic activities of lung fibroblasts 

The uptake and the intracellular distribution of 
metabolites of >H-AGEPC by fibroblasts are 
shown in Fig. 5. AGEPC is taken up by fibrob- 
lasts with kinetics which are approximately linear 
with time through 60 min, at a rate comparable to 
that seen by the type-II cells after 70 h of culture. 
The rate at which AGEPC was metabolized by 
fibroblasts, however, is about one-half of that of 
the type-II cells. AGEPC did not reach a constant 
intracellular level at times up to 60 min, and the 
formation of alkylacyl-PC was much slower than 
that of the type-II cells. At 10 min 85% of the 
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Fig. 5. Uptake and metabolism of 7H-AGEPC by lung fibrob- 
lasts. Fibroblasts were obtained from adult rat lung as de- 
scribed in the Methods The other details of the experiments 
are similar to those described m Fig 2 Shown are the mean 
and standard errors of four expemments using four different 
cultures. 


cellular counts in fibroblasts were in AGEPC. By 
contrast, in 10 min, type-II cells had metabolized 
55% of the AGEPC to alkylacyl-PC, 8% to lyso- 
GEPC, and only about 32% of the recovered counts 
were in AGEPC. By 60 min about 50% of the 
recovered counts in fibroblasts were in AGEPC, 
while AGEPC in type-II cells was less than 10%. 
In control experiments using fibroblasts, as de- 
scribed for type-II cells, AGEPC remained un- 
changed. 


Characterization of 1-O-[7?H]alkyl-2-acyl-PC 

In order to confirm that radioactive counts 
were located exclusively in the 1-O-alkyl acyl PC 
molecule(s), the following experiments were con- 
ducted. First, the PC fraction was rechromato- 
graphed on silica gel G plates using the following 
solvent systems: chloroform/ methanol / acetic 
acid/ water (60: 35:1: 8), and chloroform/ 
methanol/ methylamine 20% (60:36:10). In each 
solvent more than 95% of the counts was found in 
the PC area. Secondly, when this PC was sub- 
jected to base catalyzed methanolysis, as described 
in Methods, and analyzed by TLC, 80—85% of the 
total counts were present at an R, value similar to 
a lyso-GEPC standard. Approx. 4% of the counts 
were present at the origin and 10% of the total 
counts migrated at the solvent front. Similarly 
90% of the radioactive counts of the acetate 
derivatives of the PC fraction obtained either by 
direct acetolysis or by phospholipase C treatment 
followed by acetylation, migrated on TLC as the 
1-O-alkyl-2-acyl-3-acyl glycerol, while approx. 10% 
of the total counts were present in the 1,2-diacyl- 
3-acetyl-glycerol. 

Further characterization of the fatty acyl com- 
position of the *H-alkyl acyl PC synthesized by 
alveolar type-II cells and fibroblasts was achieved 
by using series of chemically synthesized 1-O-oc- 
tadecyl-2-acyl-GEPC standards containing specific 
acyl chains at the sn-2 position of the molecule. 
3H-alkylacyl-PC (from the cells) and the non-ra- 
dioactive standards were derivatized into al- 
kylacyl-acetyl glycerols and separated by argenta- 
tion chromatography using benzene/chloroform 
(99:1) [32] and chloroform/ methanol (95:5). 
Nearly all of the label was found in the 18 : 0—20: 4 
species (95%), with minor amounts in the 
18:0-18:2 (4%), and 18:0-18:1 (1%). The 
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specificity of incorporation of the acyl chain in the 
alkylacyl-PC was further confirmed by reverse 
phase HPLC (Fig. 6). The distribution of al- 
kylacyl-phosphatidylcholine was very simular to 
that found by argentation chromatography, in that 
nearly all of the diethyl ether-linked species con- 
tained arachidonic acid at the sn-2 position. Ap- 
prox. 10% of the total counts were eluted with the 
same retention time as that of a diacyl-PC species, 
and approx. 5-10% of the total radioactivity was 
present near the solvent front, suggesting that 
some breakdown had occurred during separation 
by TLC or by HPLC. The other glyceryl ether 
phosphatidylcholines were 18:0-18:3 (1%), 
18: 0-18: 2 (4%), and 18 : 0-18: 1 (1%). Compara- 
ble results were also obtained with fibroblasts. 
The composition of alkylacyl-PC in these cells 
were as follows: 18:0-18:2 (4%), 18:0-18:1 
(2%), 18: 0-20: 4 (84%). There was approx. 6% of 
the total counts eluting with the solvent front, and 
4% counts had the same retention time as that of 
diacyl derivatives. 


Acylation of 1-O-{?H]alkyl-2-(lyso)-sn-glycero-3- 
Phosphocholine 

In order to directly determine if lyso-GEPC, a 
proposed precursor of AGEPC, could be acylated, 
Type II cells were incubated with ?H-lyso-GEPC 
(1-107? M) for 4 h. Cellular lipids were extracted 
and analyzed by TLC. Up to 60% of the label in 
the medium was taken up by the cells after 4 h, 
and 90% of this radioactivity was converted into 
alkylacyl-PC. When the composition of this frac- 
tion was determined by HPLC, a pattern of acyla- 
tion similar to that found using 7H-AGEPC as a 
precursor was obtained (data not shown). 
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Fig 6. HPLC separation of 1-O-[7H}2-acyl-PC obtained from 
alveolar epithehal type-I cells Glycerylether standards con- 
taining fatty acids at the 2-position were added ım the samples, 
and their elution 1s shown in the upper tracing 
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Discussion 


The results of this study demonstrate that type- 
II cells and lung fibroblasts rapidly hydrolyze 
7H-AGEPC to lyso-GEPC, and reacylate it to 
alkylacyl-PC containing arachidonic acid at the 
sn-2 position. When type-II cells were incubated 
with AGEPC, 50% of the total intracellular activ- 
ity was present in the AGEPC fraction and the 
remainder was metabolized into alkylacyl-PC 
(30%) and lyso-GEPC (10%) within 2 min. The 
level of intracellular lyso-GEPC remained ap- 
proximately constant throughout the incubation 
period. There was no evidence of any lag period, 
and the alkylacyl-PC accumulated linearly for up 
to 30 min and then remained constant up to 60 
min. When the medium was examined a small 
increase in the lyso-GEPC was observed. Approx. 
0.5% of the counts were in lyso-GEPC at 2 min, 
while 6% was observed at 1 h. Experiments were 
not performed in the presence of unlabelled exog- 
enous lyso-GEPC, and it is difficult to assess 
whether this small accumulation of lyso-GEPC 
was due to the release of cellularly deacylated 
AGEPC, or whether it was formed by extracellu- 
lar degradation. However, these results are some- 
what different from those reported by Robinson et 
al. [35], who observed a large accumulation of 
lyso-GEPC in alveolar macrophages after 2—4 h of 
incubation with AGEPC. Approx. 2.4% of the 
total counts in the extracellular medium of type-II 
cells were in the PC fraction, indicating a release 
of alkylacyl-PC by these cells, which is consistent 
with their capacity to secrete surfactant PC [36]. 
In contrast no such release was observed using 
lung fibroblasts. 

In all experiments where >H-AGEPC was in- 
cubated with cells, a small but significant per- 
centage (10-15%) of the total radioactivity was 
observed in the neutral lipid fractions. Further 
fractionation of these counts by TLC indicated 
that the majority of the counts were in the mono- 
glyceride fraction. Because of the limited material 
available no attempt was made to rigorously char- 
acterize this material. 

In certain experiments the medium containing 
the radioactive AGEPC was removed, fresh 
medium added, and the metabolic fate of the label 
was followed with time. 15% of the total intracell- 


ular counts, equivalent to 50 fmol, was still pre- 
sent as >H-AGEPC after 60 min incubation, sug- 
gesting that an intracellular pool of AGEPC may 
be maintained by type-II cells, with lyso-GEPC 
functioning as an intermediate between steady- 
state pools of AGEPC and alkylacyl-PC. The re- 
sults of preliminary experiments investigating the 
capacity of type-II cells to synthesize PAF indi- 
cate that type-II cells acetylate >H-lyso~GEPC to 
AGEPC, and this activity is stimulated by iono- 
phore A23187 [37]. Further experiments, however, 
are required to confirm these initial observations, 
and to explore them in detail. 

An important aspect of these studies was the 
identification of the composition of fatty acids 
inserted at the sn-2 position of the alkylacyl-PC. 
Analysis of the molecular species of alkylacyl-PC 
by HPLC or argentation chromatography revealed 
that the predominant species was 1-O-octadecyl- 
2-arachidonyl-PC, consistent with the reported 
data on processing of AGEPC in platelets [38], 
and neutrophils [39]. We find this result very 
interesting, since there is very little arachidonic 
acid in any other phospholipids in type-II cells, 
and may suggest the presence of a specialized 
pool. Recently, it has been reported by Gilfillan 
and Rooney that arachidonic acid and leukotrienes 
may affect the metabolism of pulmonary surfac- 
tant [40]. Whether the arachidonic acid esterified 
to alkylacyl-PC might be released and serve in a 
regulatory capacity is unknown, but it is a intrigu- 
ing question to be pursued in subsequent studies. 
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Confluent cultures of human skin fibroblasts were maintained for 10 days with sphingosine labeled 
[>H]G mz. Labeled medium was then replaced with normal medium and the cells maintained for 42 days with 
weekly medium changes. Cells were harvested at regular intervals and cells, medium, and trypsin digest 
supernatant analyzed for [>H]G,,, and its metabolic products. The ganglioside can be membrane associated 
and removed by trypsin, or membrane incorporated and trypsin insensitive. The membrane incorporated 
material is apparently transported to the lysosomes slowly by membrane flow, where 80% of the cellular G y 
can be metabolized by day 42. [*H]G,,, as well as its metabolic products in control cells is continuously 
released into the medium, during which it can also become associated with the cell surface membrane. There 
is no detectable metabolism of the [7H]G,,, in Gn gangliosidosis cell lines over the extended post-labeling 
period, indicating that there is no residual enzyme activity in these cells. Undegraded G,,, is continuously 
released into the medium and remains associated with the cell surface membrane as well. 


Introduction variant neurological disorder [3]. Hydrolysis of 


radio-labeled G,,, in vitro by hexosaminidase A 


The neurological disorders Tay-Sachs and 
Sandhoff disease arise from an inability to hydro- 
lyze Gy,.~-gangloside [1] due to a deficiency in the 
activity of hexosaminidase A (EC 3.2.1.52). The 
hydrolysis, in vivo, of Gn also requires an activa- 
tor protein [2] whose deficiency leads to the AB 
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requires the presence of detergent [4,5] or the 
activator protein [6] for mediating substrate-en- 
zyme interaction. Detergent alters the substrate 
specificity for the isozyme |7—10], while the activa- 
tor is difficult to prepare and available in only a 
few laboratories [6]. 

We reported that the difficulties in using in 
vitro assays to diagnose Gw gangliosidoses can 
be circumvented by an in vivo method using cul- 
tured skin fibroblasts challenged with ?H-labeled 
Gy [11]. These studies showed that in normal 
fibroblasts maintained for 10 days in medium 
containing 20 uM [°H]G,,,, about half the labeled 
substrate taken up by the cells is metabolized. 
Cells deficient in hexosaminidase A activity or in 
activator factor, however, show little hydrolysis of 
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the substrate over the same period. We find that 
the method ıs especially helpful in the evaluation 
of atypical cases of hexosaminidase deficiency for 
the definitive diagnosis of G,,.-gangliosidosis [12]. 
In order to follow the long-term kinetics of 
complete metabolism of G,,., normal cells were 
preloaded with [7H]G,,. ganglioside and the cel- 
lular radioactivity was followed in the absence of 
[>H]G,,. in the medium for varying periods of 
time up to 42 days in culture. Radioactivity was 
examined in the cells, the media and trypsin 
removable cell surface material. Similar studies 
were performed in cells from patients with G mz 
gangliosidosis to determine whether residual G m2 
metabolism occurs in these mutant cells. 


Materials and Methods 


Labeling cells with [PH] G yp 

Fibroblasts from controls and patients with 
various types of Gw, gangliosidoses were first 
labeled with [7H]G,,. ganglioside as previously 
described [11]. Briefly, 6 cm dishes were seeded 
with 0.5 - 10° cells and 3 days later culture medium 
containing about 20 pM [?H]G,,, (specific activ- 
ity, 48000 cpm/nmole) were added to each dish. 
The medium is Dulbecco’s modified Eagle’s 
medium containing 4.5 g glucose/l and supple- 
mented with 10% fetal calf serum, 5 ug/ml 
gentamycin antibiotic, 1 mM pyruvate, 2 mM 
glutamine, 35 mM NaHCO, and 1 X minimal 
essential medium non-essential amino acids. *H- 
labeled ganglioside medium is prepared by drying 
an appropriate volume of a labeled ganglioside 
solution in chloroform /methanol (2:1, v/v) with 
a sterile stream of nitrogen, resuspending in the 
culture medium and sonicating for 30 min in a 
bath-type sonicator. After 10 days of labeling the 
cells were washed free of radioactivity by four 
successive rinses with phosphate-buffered saline 
and placed in fresh non-radioactive culture 
medium without G w2 (considered as day 0). Cul- 
tures were maintained in most cases for another 
42 days with weekly medium changes. All sterile 
work is done in a vertical laminar flow hood and 
cells are maintained at 37°C in 95% air/5% CO, 
under 100% relative humidity. Cells are harvested 
by trypsinization in 2 ml enzyme medium, the 
reaction stopped with 0.2 ml fetal calf serum, 
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pellets collected by centrifugation and rinsed two 
times in phopshate-buffered saline. They are 
analyzed immediately or kept frozen at —20°C 
until 7H-labeled lipid analyses are made. 


[?H] glycine incorporation into proteins 

Protein synthesis of cell cultures in 6 cm dishes 
between day 0 and day 42 was determined as 
(?H]glycine uptake into hot trichloroacetic acid 
precipitable material. Duplicate cultures on days 
0, 21 and 42 were rinsed twice in phopshate- 
buffered saline and fresh culture medium was 
added containing 5 uM [?H]glycine per dish (New 
England Nuclear, specific activity 15 Ci/nmol). 
Cells were labeled for 4 h at 37°C in 95% air/5% 
CO,. [?H]glycine medium was removed, the cul- 
tures rinsed twice with phosphate-buffered saline 
and cells collected in 3 ml of cold 10% trichloro- 
acetic acid with a rubber policeman. They were 
allowed to stand for 15 min on ice, then rinsed 
twice in cold 10% trichloroacetic acid by centrifu- 
gation at 1500 xg. The final pellet was resus- 
pended in 1.5 ml cold 10% trichloroacetic acid, 
heated at 100°C for 15 min and subsequently 
chilled on ice for 15 min. The hot acid precipitable 
material was collected by centrifugation after one 
rinse in 95% ethanol and another in diethyl ether. 
The ether was dried under nitrogen and material 
solubilized in 0.5 ml 0.5 M NaOH overnight at 
37°C. Samples were counted in a Packard Tricarb 
scintillation spectrometer. Total protein was de- 
termined from a 10 ul sample of solubilized pellet 
according to the method of Lowry et al. [13]. 


Extraction and analysis of sphingoliptds 

Media (10 ml) pooled from duplicate dishes 
during weekly changes and trypsin digests (4.4 ml) 
combined from two dishes at the time of harvest- 
ing cells were extracted overnight with 20 vols. of 
chloroform/methanol (2:1, v/v). The extract was 
filtered through a sintered glass funnel and residue 
washed with another 5 vols. of chloroform/ 
methanol. The clear filtrate was taken to dryness 
in a rotary evaporator with the addition of toluene 
to remove water present in the lipid extracts. The 
sample was taken up in 10 ml of chloroform/ 
methanol and partitioned as follows to remove the 
labeled ganglioside (approx. 95%) into an aqueous 
upper phase and to retain the lipid metabolites in 
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the lower organic phase. The extract was mixed 
with 2 ml of water, vortexed and centrifuged 
briefly to separate the phases. The aqueous phase 
was withdrawn and saved. The lower phase was 
washed with 4 ml of theoretical upper phase con- 
sisting of chloroform / methanol/ water (3: 48 : 47, 
v/v/v) and the resultant upper phase combined 
with the first upper phase. The lower phase was 
taken to dryness, residue redissolved in 10 mi of 
chloroform/methanol (2:1) and the above parti- 
tioning procedure was repeated. We found it nec- 
essary to perform the partitioning procedure twice 
to remove more than 95% of labeled Gp from 
chloroform/methanol extracts of culture medium 
containing the ganglioside. Due to the high salt 
concentration of the medium, Gy, 1s not com- 
pletely removed into the aqueous phase with only 
cycle of the partitioning procedure. From the 
pooled upper phases (17.3 ml) containing labeled 
ganglioside and the final lower phase (7.2 ml) 
containing labeled lipid metabolites, 400 pl 
aliquots were taken in small counting vials for 
determining radioactivity as previously described 
[11]. The ganglioside present in the aqueous phase 
was purified on a small BondElut C18 cartridge as 
previously described [11] and radioactive compo- 
nent identified as G,,, by thin layer chromatogra- 
phy [11]. The total lipids from the lower phase 
were subjected to alkaline hydrolysis and 
fractionated on a small silicic acid column by 
successive elution with chloroform, acetone/ 
methanol (9:1, v/v) and then methanol, and ra- 
dioactivity in each fraction determined as de- 
scribed previously [11]. 

The fibroblast cell pellets were sonicated in 200 
pl water. After removing a sample for protein 
determination [13], the homogenate was extracted 
with chloroform /methanol (2:1) and analyzed for 
radioactivity as previously described [11]. 


Results 


In order to ensure the cells maintained meta- 
bolic activity over the long experimental time in 
culture, [?>H]glycine incorporation into protein was 
measured between day 0 and day 42. [?H]glycine 
uptake into hot trichloroacetic acid precipitable 
material ranged from 28000 to 53000 cpm/mg 
protein over the 4 hour labeling period, with lowest 


TABLE I 


RELEASE OF RADIOACTIVITY INTO THE MEDIUM 
FROM CONTROL CELLS PRELOADED WITH LABELED 
Gy. DURING THE CHASE PERIOD 


The medium collected during weekly changes was counted for 
radioactivity. Chloroform/methanol (2 1) extracts of media 
were partitioned to remove unhydrolyzed G w into the aque- 
ous phase, while retaimng the metabolic products in the organic 
phase. 


Time Counts per min Total Percentage in 
per dish percentage aqueous phase 
Day 0- 7 65760 36 39 
Day 7-14 35165 19 39 
Day 14-21 28306 15 42 
Day 21-28 20601 11 28 
Day 28-35 19140 10 39 
Day 35-42 14500 8 19 


Total 0-42 183472 


values found on day 0, some 13 days after the cells 
were originally plated onto 6 cm dishes. Maximal. 
incorporation was found on day 21, but day 42: 
had higher cpm/mg protein than day 0 (38 000 vs. 
28 000), indicating that overall metabolic activity, 
as reflected in short-term protein synthesis, was 
not hampered as cell remained on the dishes for 
this extended period. No cell disruption was ob- 
served during routine examination with a micro- 
scope over the course of the experiment. Total 
cellular protein increased throughout this period 
from 0.33 mg on day 0 to 0.42 mg on day 21 and 
0.58 mg per dish on day 42. 

The continuing metabolic activities of the cells 
in handling [>H]G,,. was observed throughout the 
culture period after removing the labeled ganglio- 
side from the medium. Radioactivity was released 
from control cells into the medium during this 
entire time (Table I). More than half of the total 
released radioactivity were recovered during the 
first and second weeks of the post-labeling period 
(36 and 19% of the total, respectively), which 
declined to only 8% of the total released during 
the last week. The lipid extracts of the medium 
were partitioned with water to remove the unhy- 
drolyzed [7H]G,, ganglioside into the aqueous 
upper phase. The radioactivity in the aqueous 
phase was present only in gangliosides and none 
as small water-soluble molecules as determined by 


TABLE II 


RADIOACTIVITY RELEASED IN THE TRYPSIN DI- 
GEST WHEN CELLS WERE HARVESTED BY TRYPSINI- 
ZATION 


For each time point, two dishes were harvested by trypsimiza- 
tion and the combined trypsin digests were counted for radio- 
activity. Chloroform/methanol (2:1) extracts of the trypsin 
digests were partitioned to remove unhydrolyzed G m2 into the 
aqueous phase, while retaining the metabohe products in the 
organic phase 


Time Counts per min Percentage 
per dish in aqueous phase 
Day 0 37070 70 
Day 21 10813 60 
Day 42 6486 31 


chromatography on Bond Elut C,, cartridge [11]. 
The unhydrolyzed [*H]G,,. in the medium 
dropped from 39% in the first week to 19% by the 
last week in the unlabeled medium (Table J), 
indicating that metabolic products of labeled G,,, 
were continuously released from the cells into the 
medium. 

Radioactivity in the trypsin-removable cell- 
surface material also declined steadily throughout 
this time, but unhydrolyzed [7H]G,,._ pre- 
dominated in this fraction for the first half of the 
post-label period (Table II). At the end of 6 weeks 
in non-labeled medium, almost a third of the 
radioactivity recovered in this component were 
still unhydrolyzed [>H]G,,, (Table II). 


TABLE HI 


RADIOACTIVITY IN THE METABOLIC PRODUCTS OF 
LABELED Gy, PRESENT IN THE MEDIA AND TRYP- 
SIN DIGESTS 


Radioactive lipids from the lower orgamc phase of a washed 
lipid extract were fractionated on a silicic acid column. 


Chloroform Acetone'methanol methanol 


fraction fraction fraction 
Media 
Day 21 39% 24% 37% 
Day 42 43% 25% 32% 
Trypsin digest 
Day 0 35% 40% 25% 
Day 21 36% 33% 30% 


Day 42 24% 35% 40% 
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Fractionation of the lipids in the lower organic 
phase by silicic acid column chromatography 
showed that both media and trypsin digest super- 
natants contained a variety of Gy, ganglioside 
metablic products (Table II). Thin-layer chro- 
matography analysis of the chloroform fraction 
indicated that the radioactivity was in fatty acids 
originating from ester linkage in glycerolipids. All 
of the radioactivity of the methanol fraction was 
present as sphingomyelin. Cells from variant forms 
of Gy» gangliosidoses were also examined simi- 
larly in these same experiments. Like control cells, 
these cells also continuously released cellular ra- 
dioactivity into the medium. However, unlike con- 
trols, this radioactivity consisted essentially of 
[ H]G w ganglioside with very little of its hydro- 
lytic products (data not shown). 

Because of this continuous release of radioac- 
tivity into the medium by both control and disease 
cell lines, the cell-associated radioactivity con- 
tinued to decline during the course of the post- 
labeling period. Nevertheless, at any time point, 
the percent distribution of remaining intracellular 
radioactivity between the aqueous and organic 
phases of washed lipid extract reflected the extent 


TABLE IV 


Gm HYDROLYSIS IN SITU IN FIBROBLASTS PRE- 
LOADED WITH THIS LABELED GANGLIOSIDE 


Confluent cultures of normal human skin fibroblasts were 
maintained in the medium containing sphingosine labeled 
(7H]G u ganglioside (20 pM, 48000 cpm/nmol) for 10 days 
After this tıme, labeled media were replaced with a regular 
medium without any ganglioside, and the cultures were main- 
tained for an additional 21 and 42 days with periodic changes 
of medium The cells were extracted with chloroform /methanol 
(2:1) and analyzed for unhydrolyzed ganghoside. Values for 
duplicate dishes are given separately for each time point Day 0 
refers to the day on which the cells were changed into non-ra- 
dioactive medium 


Days after Protein (mg) Counts Percentage 
Gwe per dish per min aqueous 
removal per dish phase 
0 0 245 132170 55 
0 209 102654 51 
21 0.362 69595 33 
0.398 68418 33 
42 0 495 40411 20 
0 495 47352 21 
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Fig 1 [?H)Gyp metabolism ın control and Gw ganghosido- 
sis skin fibroblasts Cells were labeled for 10 days in [7H]Gy> 
when the medium was removed and replaced with unlabeled 
medium (day 0) Cells were harvested at day 0, and days 21 
and 42 (or 14 and 28) during the post-labeling period Chloro- 
form/methanol (2:1) extracts of the cells were partitioned 
with water to remove unhydrolyzed Gy into the aqueous 
upper phase, while retaining the metabolic products ın the 
orgamic lower phase The values on the ordinate represent 
unhydrolyzed Gy, in the aqueous phase All points are aver- 
ages of duplicate or tnplcate analyses of the same cell line 
Two different control lines were used, and one line for each 
Gm2 ganghosidosis © ©, Tay-Sachs, M E, 
Sandhoff, 0 o, Juvenile Tay-Sachs, a A. Juvenile 
Sandhoff; a~———-a, AB Variant, X x, Control (No 
2493), @ @, Control (No. 4) 




















of the metabolic breakdown of the ingested 
(7H]G,, ganglioside in the cell (Table IV). Nor- 
mal cells effectively metabolize the labeled gang- 
lioside during the post-label period with only about 
20% present as Gp at the end of the experiment. 
In fibroblasts from various forms of G w2 gang- 
liosidosis, intracellular radioactivity remained es- 
sentially as unhydrolyzed G,,, (approx. 90%) at 
all time points in the post-label period (Fig. 1). 
The small amount of radioactivity seen in the 
organic phase from day 0 to day 42 in extracts 
from these disease cell lines is not due to metabo- 
lism, but due to the partioning of a small amount 
of Gwn into the organic phase as determined by 
thin-layer chromatography (data not shown). 


Discussion 
In the earlier studies on uptake and metabolism 


of [ÞPH]Gw ganglioside by human skin fibrob- 
lasts, a 10-day labeling period provided a method 


to distinguish between those individuals capable 
of metabolizing G and those incapable of hy- 
drolyzing this substrate [11]. Sonderfield et al. [14] 
noticed that incorporation of labeled G,,, by 
fibroblasts depended strongly on the concentra- 
tion of fetal calf serum in the culture medium. 
Optimizing at 0.3% serum concentration with 50 
M Gyw in the medium, they have shown that 
40% of Gy» ingested during 72-92 h was 
metabolized by control cells, whereas in fibrob- 
lasts from patients with Gw, gangliosidosis, 96% 
of cellular radioactivity remained as unhydrolyzed 
Gyo 

In the present study, metabolism of ingested 
[’H]G w was followed over an extended period of 
time after removal of labeled ganglioside from the 
medium. Both control and disease cell lines con- 
tinuously release radioactive material into the 
medium for this entire period: quickly at first, 
then more slowly towards the end. The released 
material from control cells mostly contained 
metabolic products with smaller amounts of unhy- 
drolyzed ganglioside. The metabolic products con- 
susted of esterified fatty acids, sphingomyelin and 
other neutral sphingolipids. The media collected 
from disease cell lines contained essentially unhy- 
drolyzed ganglioside. 

In contrast to the results found for medium of 
control cells, radioactivity in the trypsin remova- 
ble pericellular surface component of these cells 
was present mostly as G,, for the first half of the 
post-labeling period. These results suggest that 
exogenous [*H]G,,. is strongly attached to the 
trypsin-removable surface material. It is ap- 
parently not incorporated readily into the plasma 
membrane for internalization and metabolism by 
lysosomes in control cells. After incorporation, 
radioactivity in the cell associated ganglioside de- 
clined with time, and there was an increase of its 
metabolic products. However, cell-associated G wp 
was not completely hydrolyzed, suggesting that 
exogenous Gn incorporated into plasma mem- 
brane is not directly transported to the lysosomes 
for complete hydrolysis. Instead, the ganglioside 
may move slowly within intracellular membranes 
by membrane flow until its eventual transfer to 
lysosomes where it can be catabolized. Also, these 
results suggest that as the [> H]sphingosine-labeled 
G m2 Was metabolized in control cells, the labeled 


products (consisting of ester-linked fatty acids in 
glycerolipids and sphingolipids, including sphin- 
gomyelin) were exocytosed into the medium, when 
they could be partly bound to the pericellular 
surface membrane and found as trypsin remova- 
ble components. It can be calculated that on day 
0, before trypsinization, there are 154482 cpm per 
dish and at the end of the experiment, day 42, 
there are 50368 cpm per dish showing that about 
70% of ingested radioactivity is released from the 
cells during this time. This is recovered in the 
medium as cpm/dish collected from day 0 to day 
42 (Table I). 

In the disease cells, very little metabolism of 
the ingested labeled G was seen in the entire 
period after removing labeled ganglioside from the 
medium. This suggests that hexosaminidase B in 
Tay-Sachs disease, hexosaminidase S in Sandhoff 
disease and normal hexosaminidase A without the 
activator protein in AB variant do not have any 
residual slow rate of hydrolytic activity on the 
intracellular G,,,. It appears that both normal 
hexosaminidase A and the activator protein are 
essential to detect even a small amount of 
metbaolism of G p in vivo using these methods. 

Studies on sulfatide metabolism in fibroblasts 
from variant forms of metachromatic leuko- 
dystrophy have shown that there is no residual 
metabolism in cells from infantile metachromatic 
leukodystrophy, but cells from juvenile and adult 
metachromatic leukodystrophy could be dis- 
tinguished by their residual slow metabolism of 
the ingested sulfatide [14-17]. Conzelmann et al. 
[18] have reported that when Gw hydrolysis was 
assayed in vitro in the presence of activator pro- 
tein, fibroblasts from adult type Gwn gangliosido- 
sis had measurable residual activity compared to 
the total deficiency observed in cells from infantile 
Gyo gangliosidosis. We have also reported that 
cells from adult-type G w, gangliosidosis exhibited 
a small amount of metabolism when preloaded 
with labeled G and maintained for 42 days in 
the absence of [?H]G,,, [19]. This observation 
must be confirmed, however, using cells from 
several patients with adult type Gn gangliosido- 
sis. The kinetics of Gw, metabolism as described 
above, should be evaluated carefully in these adult 
variants to determine if this milder clinical course 
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is explicable using these techniques and, thus, 
distinguishable in vivo from severe infantile Gy, 
gangliosidosis. 
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In this study, the initial incorporation of arachidonic acid into human neutrophils has been examined. 
Neutrophils pulse labeled for 5 min with [*H]arachidonic acid rapidly incorporated this fatty acid into 
1,2-diacylglycerophosphocholine. However, when neutrophils were pulse labeled with [*H]arachidonic acid 
for 5 min, washed, and allowed to incubate for an additional 120 min, the relative amount of [> H]arachidonic 
acid increased in alkylacylglycerophosphocholine molecular species. Similar, when neutrophils were pulse 
labeled, washed, and allowed to incubate in the presence of 30 yM unlabeled arachidonic acid for 120 min, 
[>H]arachidonic acid was also remodeled into alkylacylglycerophospocholine. These results implied that the 
initial incorporation of [> H]arachidonic acid proceeded via a free fatty acid intermediate into 1,2-diacyl-GPC, 
while the subsequent remodeling of arachidonate-containing glycerophospholipids did not. This initial 
incorporation was further investigated in a number of cell-free systems. Disrupted neutrophils incubated with 
['4C]arachidonoyl-CoA incorporated [{'C]arachidonic acid into 1,2-diacyl-GPC containing 16:0, 18:0, and 
18:1 at their sn-1 position in a pattern similar to that seen when whole neutrophils were incubated with 
arachidonic acid for 5 min. A small percentage of ['4C]arachidonate from ['C}arachidonoyl-CoA was 
incorporated into 1-alkyl-2-acyl-GPC. The enzymatic activity responsible was found predominately in the 
membrane fraction of the broken cell preparation. This selectivity of the CoA-dependent acyltransferase for 
l-acyl-linked glycerophosphocholine was further examined by adding ['C]arachidonoyl-CoA and various 
1-radyl-2-lyso-GPC to neutrophil membrane preparations. These studies provide evidence that the initial 
incorporation of arachidonic acid into sn-glycero-3-phosphocholine takes place by an arachidonoyl- 
CoA : lysophosphatidylcholine acyltransferase(s) which is selective for the 1-acyl-2-lyso-GPC. 


Abbreviations: AA, arachidonic acid, GPI, glycerophospho- Introduction 


inositol; GPE, glycerophosphoethanolamine; GPC, sn-glycero- 
3-phosphocholine; HPLC, high-pressure liquid chromatogra- 
phy; TLC, thin-layer chromatography; HBSS, Hanks’ balanced 
salt solution. 


It has been recognized for some time that 
arachidonic acid serves as a precursor for various 
mediators of cell fucntion. The endogenous stores 


Correspondence: Dr. R C Murphy, Department of Pharmacol- of arachidonate which give rise to these bioactive 


ogy, University of Colorado School of Medicine, Denver, CO 
80262, USA 


mediators are located primarily at the sn-2 posi- 
tion of glycerophospholipids in the resting mam- 
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malian cell. Thus, a number of phospholipase-de- 
pendent mechanisms (i.e. phospholipase A, 
and/or C) which lead to the liberation of these 
endogenous stores from a variety of glycerophos- 
pholipids (phosphatidylethanolamine, phosphatid- 
yicholine and phosphatidylinositol) have been 
proposed in the activated cell [1-3]. However, in 
resting cells, levels of free arachidonic acid are 
very low [4]; therefore liberation of arachidonic 
acid must be coupled to very efficient esterifica- 
tion mechanisms in order to maintain these low 
levels. Several enzyme systems may be responsible 
for maintaining low levels of free arachidonic acid 
within a cell. For example, it has been recognized 
for some time that free arachidonic acid enters 
into lysophospholipids such as lysophosphati- 
dylcholine through CoA-dependent acyltransfer- 
ase(s) [5,6]. However, arachidonic acid must first 
be converted to arachidonoyl CoA at the expense 
of ATP by an acyl-CoA synthetase. In fact, a 
specific arachidonoyl-CoA synthetase has been re- 
ported in a number of cells [7—9]. Recently, it has 
become clear that this CoA-dependent mechanism 
is not the only way in which arachidonate is 
shuttled through complex lipids of cells. A num- 
ber of investigators have described other CoA-de- 
pendent and -independent enzyme systems which 
may be responsible for the acylation of individual 
molecular species of a glycerophospholipid class 
[10-12]. Of particular interest is a CoA-indepen- 
dent transacylase which shuttles arachidonate from 
1,2-diacyl to 1-O-alkyl-2-acylglycerophosphocho- 
line [13-16]. It has been suggested that this en- 
zyme is responsible for the rapid acylation of lyso 
platelet-activating factor and the high amount of 
arachidonate found in alkylacylcholinephospholi- 
pids in a number of cells [17-23]. 

We recently reported that arachidonic acid 
complexed to albumin was rapidly taken up into 
1,2-diacyl-linked glycerol-phospholipids (GPI, 
GPC, and PGE) in human neutrophils. However, 
this arachidonate at a latter time rapidly appeared 
in l-alkyl and/or 1-alk-1-enyl molecular species 
of choline- and ethanolamine-linked glycerophos- 
pholipids [24]. With these findings, we proposed 
that the initial incorporation of exogenous arachi- 
donic acid into 1,2-diacyl-GPC was mediated by 
arachidonoyl-CoA : 1-acyl-2-lyso-GPC-acyl trans- 
ferase(s). Subsequently, this arachidonate was re- 
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modeled into alkylacylglycerophospholine by other 
enzyme systems. In order to support further this 
hypothesis within the human neutrophil, we have 
examined the initial incorporation of free 
arachidonic acid and arachidonoyl-CoA arachi- 
donic acid from arachidonoyl-CoA into various 
1-radyl-2-lyso-GPC’s. These findings provide fur- 
ther evidence for different mechanisms which may 
be responsible for the initial incorporation and 
subsequent remodeling of arachidonate-containing 
phosphatidylcholine within the human neutrophil. 


Experimental procedures 


Materials. [5,6,8,9,1,12,14,15-? H(N)]Arachidon- 
ic acid and [arachidonoyl-1-'4C]arachidonoyl 
coenzyme A were purchased from New England 
Nuclear (Boston, MA). All solvents were HPLC 
grade from Fisher Scientified Co. (St. Louis, MO). 
L-alpha-monopalmitoyllecithin and lipid stan- 
dards used in TLC and HPLC were purchased 
from Avanti Polar Lipids (Birmingham, AL). 1- 
O-Hexadecyl-2-lyso-sn-glycero-3-phosphocholine 
was purchased from Bachem (Bubendorf, Switzer- 
land). Essentially fatty-acid-free human serum al- 
bumin and arachidonoyl CoA was purchased from 
Sigma (St. Louis, MO). Hanks’ balanced salt solu- 
tion was purchased from Gibco Laboratories 
(Grand Island, NY). Molecular species of 
arachidonic acid containing glycerophospholipids 
were synthesized following published procedures 
[25]. 

Preparation of human neutrophil. Human neu- 
trophils were obtained from normal volunteers 
and isolated by the procedure described by Haslett 
et al., [26] using the Percoll-plasma technique. The 
neutrophils were then suspended in Hanks’ bal- 
anced salt solution and distupred by pulse sonica- 
tion (3 times at 50% duty cycle) for 30 s. At this 
point, whole neutrophils were removed from the 
sonicate by centrifugation 225 x g for 10 min. In 
some experiments, [!4C]arachidonoyl CoA (1.0 
M) was added to the neutrophil sonicate from 
500 - 10° neutrophils and then allowed to incubate 
at 37°C for 5 min. This incubation was terminated 
by adding CHC1,/MeOH (1:2, v/v) to the in- 
cubation mixture. In other experiments, the soni- 
cate was then further fractionated into soluble and 
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membrane components by centrifugation (100 000 
x g for 45 min). The membrane pellet was washed 
with HBSS followed by a second centrifugation 
(100000 x g for 45 min). Finally, the membrane 
pellet was suspended in HBSS and the protein 
concentrations in both the soluble and the mem- 
brane fraction were determined by the method of 
Bradford et al. [27]. All fractions were stored at 
— 70°C until they were used. The acyl transferase 
activity remained constant for at least 8 days after 
storage at — 70°C. 

Incorporation of [*H]arachidonate into whole 
neutrophils. An aqueous solution (50 p1) contain- 
ing labeled arachidonate (2 Ci) complexed to 
human serum albumin (5.0 mg/ml) was added to 
0.95 ml of the cell suspension (5.0-10’ neu- 
trophils) bringing the final concentration of 
arachidonate to 0.07 uM. The reaction was 
terminated by the addition of ice-cold HBSS (5.0 
ml) containing fatty-acid-free human serum al- 
bumin (0.25 mg/ml) to the cell pellet. The cells 
were washed twice with HBSS containing fatty- 
acid-free human serum albumin (0.25 mg/ml) to 
rid cells of any exogenous arachidonic acid and 
suspended in 1.0 ml HBSS containing fatty-acid- 
free human serum albumin (0.25 mg/ml). The 
reaction mixture was then incubated at 37°C for 
an aditional 120 min. For some experiments, neu- 
trophils were pulse labeled for 5 min (without 
unlabeled arachidonate) and washed as described 
and then allowed to incubate at 37°C with 30 uM 
of unlabeled arachidonic acid for 120 min. In all 
experiments, cells were removed from the super- 
nate by centrifugation (225 x g). The incubations 
were terminated by adding methanol to the pellet. 

Acyl-transferase assay. Details of individual as- 
says are presented in the figure legends. Under 
standard condition, different 1-radyl-2-lyso- 
glycerophosphocholines complexed to fatty-acid- 
free human serum albumin were prepared in 
HBSS. To this mixture, 75000 dpm (2 pl) of 
(!4C]arachidonoyl CoA along with varying con- 
centrations of unlabeled arachidonoyl-CoA in 
ethanol /water (1:1) was then added. All assays 
were started by the addition of enzyme to the 
reaction’ mixture. The reaction mixture was then 
allowed to incubate at 37°C for 5 min. Incuba- 
tions were terminated by the addition of CHCI / 
MeOH; (1:2): to the reaction mixture. 


Extraction and chromatography of the neutrophil 
lipids Lipids were extracted by the method of 
Bligh and Dyer [28]. Solvents from the organic 
phase were removed by a stream of nitrogen and 
the lipids suspended in CHC1,/MeOH (1:1, v/v) 
for TLC analysis. Glycerophospholipids were sep- 
arated by TLC on layers of silica gel G developed 
in chloroform/methanol/acetic acid/water (50: 
25:8:4, v/v). Neutral lipids were separated by 
TLC on layers of silica gel G developed in 
hexane/ether/formic acid (90: 60:6, v/v). 
Glycerophosphocholine was isolated from other 
phospholipid classes by normal phase HPLC using 
an Ultrasphere-Si column (4.6 X 2.50 mm; Rainin, 
Woburn, MA) eluted with isopropanol/25 mM 
phosphate buffer/hexane/ethanol (490: 62: 
367 : 100:0.6, v/v) at 1.5 ml/min [29]. The vari- 
ous molecular species of glycerophosphocholine 
were separated by reverse phase HPLC using an 
Ultrasphere ODS reverse-phase column (4.6 mm 
x250 mm; Rainin, Woburn, MA) eluted with 
methanol/water/ acetonitrile (905:70:25, v/v) 
and 20 mM choline chloride at 2 ml/min at 40°C 
[29]. Radioactive products eluting from the HPLC 
were monitored either directly by an on-line scin- 
tillation counting system (Ramona-D; IN/US, 
Fairfield, NJ) or by monitoring the distribution of 
radioactive label in the eluent fraction by liquid 
scintillation spectroscopy. The predominant 
arachidonate-containing molecular species which 
contained label were identified by elutions with 
synthetic standards and their elution order de- 
termined by fast atom bomdardment mass spec- 
troscopy [30,31]. 


Results 


Influence of arachidonic acid supplementation on the 
incorporation of arachidonic acid into glycerophos- 
Phocholine 

The possibility that the acylation of [? H]arachi- 
donic acid into different 1-radyl-2-arachidonoyl- 
GPC could be influenced by high levels of 
arachidonic acid in the incubation mixture was 
explored. Neutrophils were labeled with low con- 
centrations (0.07 uM) of arachidonic acid for 5 
min. By 5 min, arachidonic acid was incorporated 
into a number of glycerolipids [24]. In these ex- 
periments reported here, 10.0% of the [* HJarach- 


TABLE I 


DISTRIBUTION OF [*?H]JARACHIDONIC ACID IN 
MOLECULAR SPECIES OF PHOSPHATIDYLCHOLINES 


Neutrophils were pulse-labeled for 5 min and analyzed (5 min) 
or incubated for an additional 120 min without (120 min) or 
with 30 uM cold arachidonic acid (120 min, 30 pM) Incuba- 
tions were terminated by extracting lpids from the cell pellet 
GPC was separated from other glycerophospholipid classes by 
normal phase HPLC Molecular species of 1-radyl-2- 
(7 HJarachidonoyl-GPC were isolated by reverse phase HPLC 
The amount of label in l-acyl and 1-O-alkyl was determined 
by hquid scintillation counting Unknown molecular species 
constituted less than 5% of the label These data are repre- 
sentative of three separate experiments 


Time % of total [> H]arachidonate 
(min) in glycerophosphocholine 
sn-1 linkage alk-l-enyl 
acyl alkyl + unknown 
molecular species 
5 66 18 16 
120 42 39 19 
120 (30 pM AA) 43 42 15 


idonic acid was incorporated into glycerophospho- 
choline. The amount of [? H]arachidonic acid found 
in GPI, GPE, phosphatidic acid and neutral lipids 
was found to be 26.1%, 3.9%, 0.9% and 56.9%, 
respectively. This incorporation pattern was typi- 
cal for normal human neutrophils observed in 
over 50 experiments. However, it must be stressed 
that a significant variation has been observed in 
the absolute labelling level of exgenously added 
arachidonic acid by neutrophils from patient to 
patient with GPC occasionally exceeding absolute 
GPI labeling. Further examination of the newly 
synthesized 1-radyl-2-[>H]arachidonoyl-GPC re- 
vealed that [*H]arachidonate was incorporated 
predominantly (66%) into 1,2-diacyl molecular 
species 18% into 1-O-alkyl-GPC and 16% into 
plasmalogen species and unknown GPC species 
(Table I). In similar experiments, neutrophils were 
pulse labeled for 5 min with [? HJarachidonic acid 
(0.07 uM) then incubated in the presence and 
absence of arachidonic acid (30 uM) for an ad- 
ditional 120 min. In this experiment, the distri- 
bution of [? H]arachidonic acid in glycerophospho- 
choline remained relatively constant at approx. 
11.0% of the cells total [*H]arachidonate in the 
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absence and presence of unlabeled arachidonic 
acid for 120 min. Neutrophils incubated for an 
additional 120 min (without exogenous arachidonic 
acid) redistributed their [? HJarachidonate into 1- 
alkyl-2-[?H]arachidonoyl-GPC 39% and 42%, re- 
spectively (Table I), HPLC analysis of the labeled 
1,2-diacyl-glycerophosphocholine molecular 
species revealed 16:0, 18:0, and 18:1 at their 
sn-1 position (data not shown). In addition, neu- 
trophils incubated with arachidonate (30 uM) re- 
modeled [?H]arachidonate in a pattern of the 
molecular species similar to neutrophils incubated 
without 30 uM arachidonic acid (Table I). These 
findings sugegst that the transfer of [?H]arach- 
idonate into alkyl-acyl-GPC may not involve a 
free acid intermediate, since high levels of un- 
labeled arachidonic acid did not inhibit the trans- 
fer process. However, it was possible that the 
arachidonic acid pool from which [*?H]arachidonic 
acid was transferred to 1-alkyl-2-lyso-GPC was 
not diluted in this experiment due to equilibration 
factors. It was not possible to test these hypothe- 
ses without major assumptions using an intact cell 
system. Therefore, the incorporation of 
arachidonic acid into 1-acyl-2-arachidonoyl-GPC 
was further examined in a cell-free system. 


Incorporation of ['*C]arachidonoyl-CoA into neu- 
trophil glycerophosphocholine 

In these experiments, the arachidonoyl CoA 
synthetase step was bypassed by adding [!*C] 
arachidonoyl-CoA to disrupted neutrophil (500 - 
10°) suspension for 5 min. Because the specific 
activity of the ['4C]arachidonoyl-CoA added in 
these experiments was approximately 10-fold lower 
than that of [> H]arachidonic acid, this would mean 
that a total of 1 uM arachidonoyl-CoA would be 
added to the broken cell suspension. Therefore, 
the number of neutrophils (500 - 10°) used in this 
experiment was increased 10-fold to mimic the 
experiments in which 50-10° neutrophils were 
incubated with [?H]arachidonic acid (0.07 uM). 
The distribution of ['*C]arachidonate in the vari- 
ous glycerophospholipids was determined by TLC 
and the [!4C]arachidonate associated with individ- 
ual molecular species of GPC was analyzed by 
reverse phase HPLC. By 5 min, 90% of the added 
['*C]arachidonoyl-CoA had been incorporated to 
a number of glycerophospholipids (Table II), GPC 
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TABLE II 


DISTRIBUTION OF [)*CJARACHIDONIC ACID INTO 
GLYCEROPHOSPHOLIPID CLASSES FROM 
(}* CIARACHIDONOYL-CoA 


Sonicated neutrophils were incubated with (4 CJarachidonoyl- 
CoA for 5 min as described ın Experimental procedures The 
incubation was terminated by extracting the lipids from the 
cell pellet and supernatant followed by TLC separation of the 
combined extracts The distribution of ['*Cjarachidonate 1s 
expressed as the percent of total labeled glycerolipids and 1s 
the average of three experiments (error barst+SEM) 


Class % Total radioactivity 
PC 286487 
PI 4641.1 
PE 26.0+ 8.9 
Neutral lipid 27 543.3 


had retained (28.6 + 8.7%) of the total label incor- 
porated into glycerophospholipids during this in- 
cubation. This [t4C]arachidonate was found by 
HPLC (Fig. 1) to be distributed into different 
1-radyi-linked GPC’s. Following this 5 min in- 
cubation, the majority (72%) of [!4C]arachidonate 
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Fig. 1. Molecular species of PGC labeled with 


[}4 Cjarachidonoyl-CoA by the cell-free system Sonicated neu- 
trophils (500 10°) were incubated with ['*C]arachidonoyl-CoA 
for 5 min as described 1n the Methods The incubation was 
terminated by extracting the lipids from the cell pellet and 
supernatant GPC was isolated from other glycerol phospholi- 
pids by normal phase HPLC The distribution of 
{}4Cjarachidonate in individual molecular species of GPC ex- 
pressed here as the % incorporation was analyzed by reverse 
phase HPLC and ıs the average of three experiments (error 
bars +S E M.) (A) 1,2-Diacyl-GPC molecular species; (B) 1-al- 
kyl-2-acylIGPC molecular species The radyl group at sm-1 1s 
indicated either as l-acyl or 1-O-alkyl with the total carbon 
chain: number of double bonds indicated. 


was associated with 1-acyl-2-[)*C]arachidonoyl- 
GPC (Fig. 1A). The newly synthesized 1-acyl-2- 
[14 C]arachidonoyl-GPC contained primarily 16 : 0, 
18:0, and 18:1 at their sn-1 position. Only 17% 
of the ['*C]arachidonate was distributed in 1-al- 
kyl-2-arachidonoyl-GPC (Fig. 1B). The remaining 
11% of the label was associated with other minor 
components such as 1]-alk-1-enyl-2-arachidonoyl- 
GPC (data not shown). 


Arachidonoyl transferase(s) activity within soluble 
and membrane components 

The neutrophil sonicate was further fractionated 
into soluble and membrane components as de- 
scribed in the methods. An aqueous solution con- 
taining ('“C]arachidonoyl CoA (1.0 uM) along 
with 1-hexadecanoyl-2-lyso-GPC (40 uM) and 1- 
hexadecyl-2-lyso-GPC (40 uM) complexed to al- 
bumin was added to each of the neutrophil pre- 
parations and allowed to incubate for 5 min at 
37°C. The incorporation of [C]arachidonoyl- 
CoA into GPC as a function of soluble or mem- 
brane protein concentration in the incubation 
mixture is shown ın Fig. 2. These studies revealed 
that the membrane components contained most of 
the arachidonoyl transferase(s) activity found 
within the human neutrophils. In addition, the 
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Fig 2. Incorporation of arachidonoyl-CoA into phosphati- 
dylcholine as a function of protein concentration Neutrophil 
membranes (a a) and soluble preparations 
(O ©) were incubated with 1-hexadecanoyl-2-lyso-GPC 
(40 pM) and 1-O-hexadecyl-2-lyso-GPC (40 uM) and 
['*CJarachidonoyl CoA (1 pM) for 5 mm. The incubation was 
terminated by extracting the lpids from the incubation mıx- 
ture GPC was separated from other glycerophospholipids by 
TLC as described and 1s the average of three experiments 
(error bars+SEM) 
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Fig 3. Reverse-phase HPLC separation of the lipid extract 
from the neutrophil membrane preparation (200 pg) incubated 
with 1-hexadecanoyl-2-lyso-GPC (40 uM), 1-O-hexadecyl-2- 
lyso-GPC (40 uM), and [)*Clarachidonoyl-CoA (1 aM for 5 
min). The incubation was terminated by extracting the lipids 
from the incubation mixture. Phosphatidylcholine was isolated 
from other glycerophospholipids by normal phase HPLC prior 
to this separation These data are representive of two separate 
experiments 


arachidonoyl transferase activity of the membrane 
fraction increased linearly over the protein range 
which was tested. Examination of the newly 
synthesized 1-radyl-2-['* CJarachidonoyl-GPC 
from the membane preparation containing 200 pg 
of protein revealed that [)*C]arachidonate was 
primarily incorporated into 1-hexadecanoyl-2- 
[}4 C]arachidonoyl-GPC (74%) and to a much lesser 
extent 1-hexadecyl-2-['4C]arachidonoyl-GPC dur- 
ing the 5 min incubation (Fig. 3). However, it was 
not know if the endogenous levels of 1-hexade- 
canoyl-2-lyso-GPC and 1-hexadecyl-2-lyso-GPC in 
the membrane preparation were playing a role in 
the specificity observed here. In order to role out 
this “possibility and further explore apparent 
specificity of the membrane arachidonoyl trans- 
ferase(s) for 1-acyl-2-lyso-GPC, arachidonoyl 
transferase(s) activity of the neutrophil membrane 
fraction was measured as a function of increasing 
1-radyl-2-lyso-GPC concentrations found within 
the incubation mixture (Fig. 4). A large percentage 
of [**C]arachidonate from {}*C]arachidonoyl CoA 
was incorporated into 1-hexadecanoyl-2-lyso-GPC 
at all lyso concentrations when this substrate alone 
was added to the membrane preparation. In con- 
trast to the 1-hexadecanoyl-2-lyso-GPC, 1- 
hexadecyl-2-lyso-GPC was a poorer substrate for 
the membrane enzymes at all concentrations 
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Fig 4 Incorporation of arachidonoyl-CoA into phosphati- 
dylcholine as a function of lyso-GPC molecular species Neu- 
trophil membrane preparation (200 pg) was incubated with 
[* C]arachidonoyl-CoA (1 pM) and increasing concentrations 
of either 1-hexadecanoyl-2-lyso-GPC (a A) or 1-0- 
hexadecyl-2-lyso-GPC (O ©) for 5 min The incubation 
was terminated by extracting the lipids from the incubation 
mixture Phosphatidylcholine was separated from other 
glycerophosphocholines by TLC and is the average of three 
experiments (error bars+ S.E.M.) 
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tested. Maximal enzyme activity using 1-hexade- 
canoyl-2-lyso-GPC as a substrate was observed at 
(16 uM) and this activity declined at concentra- 
tions higher than 25 uM (data not shown). To 
ascertain further that 1-hexadecanoyl-2-[*4C]a- 
rachidonoyl-GPC was being produced during the 
incubation, we further examined the distribution 
of ['*Cl]arachidonate by reverse-phase HPLC in 
the labeled phosphatidylcholine obtained from our 
assay mixture (16 pM, 1-hexadecanoyl-2-lyso- 
GPC). As expected, [}*C]arachidonate was found 
only in the molecular species 1-hexadecanoyl-2- 
[?4C]arachidonoyl-GPC (data not shown). 
Experiments designed to evaluate enzymatic 
parameters of the crude arachidonoyl-CoA trans- 
ferase did not demonstrate saturation kinetics 
when arachidonoyl-CoA was varied from 1 to 200 
uM. These experiments were carried out with an 
equal molar mixture of 1-acyl-lyso-GPC and 1-0- 
alkyl-lyso-GPC at 200 and 400 uM in order to 
limit substrate availability for the higher con- 
centrations of [!*C]arachidonoyl CoA. Unfor- 
tunately, inhibition of the transferase by the lyso 
substrates as mentioned above reduced the ap- 
parent enzymatic activity. However, in these ex- 
periments the amount of glycerophosphocholine 
product detected as [1C] extracted by the Bligh- 
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Dyer technique, linearly increased from 135 to 310 
pmol/min per mg protein as arachidonoyl-CiA 
increase from 1 pM to 200 uM (200 uM lyso-GPC). 
When 400 uM lyso-GPC was employed, a parallel 
but reduced amount of product resulted. HPLC 
analysis of the product revealed 1,2-diacyl-GPC as 
the major product as seen above. In control ex- 
periments, with no lyso GPC substrate added, 
10% of the radioactivity from [‘*C]arachidonoyl 
CoA (1 pM) was extractable using Bligh-Dyer 
conditions and less than 5% at 200 uM. In both 
cases, the radioactive product was predominately 
free arachidonic acid. 

Finally, it was important to determine the sta- 
bility of the [“*C]arachidonoyl-CoA in our assay 
system. For example, it was possible that the free 
(4Clarachidonic acid which was found to be 
formed by arachidonoyl-CoA hydrolase activity 
during the incubation (data not shown) could 
account for the acylation of 1-radyl-2-lyso-GPC. 
However, when [*H]arachidonic acid was added 
to the assay mixture (200 ug of membrane pro- 
tein) at an identical concentration as [!*C]arachi- 
donoyl-CoA, no [*H]arachidonic acid was incor- 
porated into glycerophospholipids. This experi- 
ment revealed that the [*C]larachidonate which 
was incorporated in GPC arose from [!4C]arach- 
idonoyl-CoA and not free ['4C]arachidonic acid. 


Discussion 


Previous experiments revealed that arachidonic 
acid complexed to albumin was selectively incor- 
porated into the 1,2-diacyl-linked glycerophospho- 
lipids GPC, GPE, and GPI. However, this label 
over time appeared in 1-alk-l-enyl and 1-O-alkyl 
linked molecular species in choline and 
ethanolamine-linked glycerophospholipids [24]. 
The initial incorporation of arachidonic acid into 
1,2-diacyl glycerophospholipids could arise in 
several ways. Firstly, 1-acyl-linked products could 
be located within a cell domain more accessible to 
exogenous arachidonic acid and indeed, studied 
by Record et al. [32] revealed that l-acyl-linked 
phosphatidylcholine is located in the outer leaflet 
of the plasma membrane of ascites cells. However, 
other studies in neutrophils (data not shown) and 
fibroblasts [33], which localized by autoradiogra- 
phy labeled arachidonate in experimental pro- 
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tocols similar to that described above, indicated 
that the nuclear envelope contained the highest 
specific activity of arachidonate within the first 5 
min of labeling. It cannot be determined from 
these studies where the initial acylation of arachi- 
donic acid into 1,2-diacyl glycerophospholipids 
had taken place, but the final location of the 
1,2-diacyl glycerophospholipids at these early time 
points could be observed. An alternative hypothe- 
sis to the proximity argument ıs that there are 
enzyme systems responsible for the selectivity seen 
in the initial incorporation of arachidonic acid 
into 1,2-diacylglycerophospholipids. Other en- 
zymes might be responsible for the appearance of 
arachidonate in 1-O-alkyl-2-acyl-GPC. In the pre- 
sent investigation, we have focused on the in- 
corporation of arachidonic acid into 
glycerophosphocholine and obtained evidence in 
support of the hypothesis for selectivity in initial 
esterification. 

Experiments suggested that the incorporation 
of arachidonic acid into 1,2-diacyl-GPC and the 
subsequent appearance of arachidonate in 1-O-al- 
kyl-2-acyl-GPC may be mediated by different en- 
zyme systems. In these experiments, the majority 
of the trace amounts of labeled arachidonic acid 
was initially incorporated into 1,2-diacyl PC. 
However, more of the [?H]arachidonic acid ap- 
peared in the 1-O-alkyl-2-acyl-GPC fraction fol- 
lowing a 120 min incubation. This subsequent 
remodeling of arachidonic acid was not influenced 
by high levels of unlabeled arachidonic acid (30 
uM) suggesting that free arachidonic acid is not a 
requisite intermediate in this process. However, 
this result must be interpreted with caution be- 
cause the labeled and free arachidonic acid pools 
may differ in location in these two situations. 

Using a cell-free system, the arachidonoyl CoA 
synthetase was bypassed by adding arachidonoyl- 
CoA directly and the initial acylation of arachi- 
donic acid from arachidonoyl-CoA into various 
GPC’s was examined. In these experiments dis- 
rupted neutrophils selectively incorporated [14C] 
arachidonic acid from ['* C]arachidonoyl-CoA into 
1,2-diacyl-GPC in a pattern similar to that seen 
when intact neutrophils were incubated with trace 
levels of free arachidonic acid complexed to al- 
bumun. It is important to stress that the selectivity 
seen here cannot be accounted for by the availa- 


_ bility of alkyl or acyl substrate, since composition 
studies of human neutrophil indicate that 44% of 
1-radyl-1-acyl-GPC is 1-O-alkyl linked and 47% is 
l-acyl linked [19]. An alternative explanation is 
that a larger 1-acyl-2-lyso-GPC pool could arise 
from a specific phospholipase A, which would 
favor diacyl-GPC over alkylacyl-GPC. This could 
not be ruled out from the whole cell or broken cell 
preparation. However, when various concentra- 
tions of each lyso substrates were added to the 
membrane preparation, diacyl-GPC synthesis pre- 
dominated over alkyl acyl-GPC synthesis. 

This apparent specificity of the acyl transferase 
for l-acyl-2-lyso-GPC was further tested ın iso- 
lated membrane and cytosolic preparations from 
the human neutrophils. In these studies, the 
majority of the acyl transferase activity was located 
in the membrane preparation when both hexade- 
canoyl-2-lyso-GPC were added as substrates. Ex- 
amination of the newly synthesized phosphati- 
dylcholine from this membrane preparation re- 
vealed that [‘*C]arachidonate from ['*C]arachi- 
donoyl-CoA was distributed primarily in 1- 
hexadecanoyl-2-lyso-GPC. In addition, the same 
specificity of the membrane acy] transferase(s) for 
1-acyl-2-lyso-GPC was observed at all concentra- 
tions of arachidonoyl CoA tested. Furthermore, as 
mentioned above, this apparent selectivity was 
further confirmed in experiments in which each 
substrate (l-alkyl-2-lyso-GPC and 1-acyl-2-lyso- 
GPC) was added individually to membrane pre- 
parations at identical concentrations (Fig. 4). Here, 
both rate and maximal activity of the acyl trans- 
ferase were higher for the acyl substrates than the 
corresponding alkyl counterpart; but the specific- 
ity for the acyl substrate was not absolute. The 
possibility that small amounts 1-alkyl-2-arachi- 
donoyl-GPC formed in the assay may originate 
from a small amount of transfer of arachidonate 
from 1,2-diacyl-GPC or other glycerophospho- 
lipids to 1-O-alkyl-2-acyl-GPC (1.e., transacylase) 


CoA,ATP 


ARACHIDONOYL CoA ACYL 


SYNTHETASE TRANSFERASE 


1-acyl-2-iyso-—GPC 


| | acy! O-alky! 
Aracidonic Acid(free) Arachidonoy] CoA ArachidonoyH} prachidonoyt 
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during the 5 min incubation period cannot be 
ruled out, since this enzyme is also found in the 
membrane preparation. However, the selectivity 
observed here could not be accounted for by a 
specific phospholipase A,, since high levels of 
both substrates were added. 

Earlier studies have provided evidence for a 
specific arachidonoyl CoA synthetase in the hu- 
man platelet [7]. In addition, this enzyme has also 
been reported in a number of other cell types 
including granulocytes [8,9]. In this study, evi- 
dence is provided to suggest that an initial incor- 
poration of arachidonic acid into phosphati- 
dylcholine probably involves an arachidonoyl- 
CoA : lysophosphatidylcholine acyltransferase that 
is selective for l-acyl-linked glycerophosphocho- 
line (Fig. 5). It should be noted that approx. 65% 
of the arachidonate in the ]-radyl-2-acyl-GPC is 
in 1-O-alkyl-GPC fraction; and yet, free arachi- 
donic acid or arachidonic acid from arachidonoyl 
CoA is incorporated into 1,2-diacyl-linked phos- 
phocholines initially in every system tested. This 
would suggest that another enzyme maybe re- 
sponsible for the acylation of 1-O-alkyl-2-lyso- 
GPC. While the subsequent appearance of 
arachidonate in 1-O-alkyl-2-acyl-GPC was not ad- 
dressed directly in this study, we and others have 
proposed that this step takes place through a 
CoA-independent transacylase [13-—16,24]. In ad- 
dition, this enzyme appears to be responsible for 
the selective acylation of lyso platelet-activating 
factor by arachidonate during platelet-activating 
factor inactivation. From these studies, we have 
proposed a three-step mechanism which may 
account for the initial uptake and the subsequent 
remodeling of arachidonate-containing phos- 
phatidylcholine in the neutrophil (Fig. 5). These 
pathways may account for the high amount of 
arachidonate in 1-O-alkyl-2-acylglycerophospho- 
choline and further emphasize the potential role of 
1-O-alkyl-2-arachidonoylglycerophosphocholine as 





PC TRANSACYLASE PC 


\ 


Fig 5 Proposed pathway for the initial rncorporation and subsequent remodeling of arachidonate containing phosphatidylcholine. 
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a precursor for platelet-activating factor and 
eicosanoids [34,35]. 
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The induction of liver peroxisomal -oxidation activities by bezafibrate or Wy 14,643 was 2—4-fold higher in 
starved rats than in fed animals. The increased response to peroxisomal proliferators in starved rats was 
independent of the mode of administration of the proliferator, given either orally or by intraperitoneal 
injection. Inhibitors of carnitine acyltransferase I could prevent the induction of peroxisomal activities in 
starved rats but not in fed animals. In contrast to fasted rats, the induction of liver peroxisomal activities in 
streptozotocin-diabetic rats was not susceptible to bezafibrate. The higher sensitivity to peroxisomal 
proliferators under conditions of starvation may allow for the detection of xenobiotic peroxisomal prolifera- 


tors of low proliferative potency. 


Introduction 


Peroxisomal f-oxidation has been reported to 
increase in livers of starved or alloxan-diabetic 
rats [1,2]. The induction of peroxisomal activities 
in the fasting or diabetic states is significantly less 
than that observed in rats treated by xenobiotic 
peroxisomal proliferators [3]. However, it is of 
special interest since ıt may help in identifying 
natural peroxisomal proliferators as well as 
. metabolic steps involved in the induction of per- 
oxisomal activities. 

The induction of peroxisomal activities in cul- 
tured rat hepatocytes by long chain fatty acids 
added to the culture medium [4] or by fat-rich 
diets in vivo [5,6], taken together with the exten- 
sive accumulation of long chain fatty acyl-CoA 
during starvation or diabetes [15] seems to point 
to long chain fatty acids as the putative natural 
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peroxisomal proliferators in the fasted or diabetic 
rat. The relatively low induction of peroxisomal 
activities in fasted, diabetic or fat-fed rats as com- 
pared to that exerted by xenobiotic proliferators 
may be accounted for by the fast metabolic 
elimination of the natural long chain fatty acids, 
as compared to the sustained prevalence of 
xenobiotic peroxisomal proliferators. 

The present study aims at evaluating the role 
played by starvation or diabetes in the induction 
of peroxisomal activities by xenobiotic per- 
oxisomal proliferators. The present report seems 
to indicate that the rat is highly susceptible to 
peroxisomal proliferators under conditions of 
starvation but not during diabetes. 


Materials and Methods 


Male rats of the Hebrew University strain 
weighing 150-200 g were maintained on purina 
chow diet ad libitum. Starved rats were fasted for 
4 consecutive days prior to death. Streptozotocin- 
diabetic rats were prepared by injecting the rats 
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once with 10 mg/100 g body weight of strepto- 
zotocin and they were selected by following their 
urine glucose and ketobodies. Insulin-treated di- 
abetic rats were prepared by injecting strepto- 
zotocin-diabetic rats subcutaneously with 2 units 
of protamine zinc insulin every 12 h. The specified 
drugs were administered daily by gastric tube in 2 
ml of 1% methylcellulose 400 and were given for 3 
days prior to death. Alternatively, bezafibrate was 
dissolved in 1 ml of saline and was injected ın- 
traperitoneally daily for 3 consecutive days prior 
to death. The animals were killed under ether 
anaesthesia 18 h after the last dosage. Liver homo- 
genate was prepared in 4 vols. of 0.25 M sucrose — 
0.1% ethanol, centrifuged at 700 X g for 10 min 
and the respective activities were measured ın the 
700 X g supernatant. Enoyl-CoA hydratase was 
assayed spectrophotometrically as described by 
Steinman and Hill [12]. The reaction mixture con- 
tained 0.3 M Tris-HCl buffer (pH 7.4), 5 mM 
EDTA, 0.005% of egg albumin and 0.2 mM of 
crotonyl-CoA in a final vol. of 1 ml. The per- 
oxisomal activity was defined as the fractional 
activity which was heat-inactivated at 57°C for 5 
min [7]. Cyanide-insensitive palmitoyl-CoA oxida- 
tion was determined according to the method de- 
scribed in ref. 8. The reaction mixture contained 
0.4 ml of modified Krebs-Hanseleit bicarbonate 
buffer (pH 7.4), 20 uM of [1-!4C]palmitoyl-CoA 
(spec. act. 7 pCi/pmol), 4 mM ATP, 0.5 mM 
CoA, 2 mM NAD+, 2 mM KCN, and 2 mM 
dithiothreitol in a final vol. of 0.5 ml. Incubation 
was carried out at 37°C for 5 min and was 
terminated by adding HCO, to a final concentra- 
tion of 6%. Acid-soluble oxidation products were 
determined according to Mannaerts et al. [8]. 
Catalase was determined in the sonicated (10 s) 
700 xX g supernatant as previously described [4]. 
Protein was determined according to Lowry et al. 
[9]. Significance was analyzed by the Mann-Whit- 
ney U-test. 

[1-'4C]Palmitoyl-CoA was synthesized en- 
zymatically according to Kornberg and Price [10] 
and was purified on an octyl sepharose column as 
described in Ref. 11. Crotonyl-CoA was synthe- 
sized from crotonic anhydride according to Stein- 
man and Hill. Bezafibrate was kindly donated by 
Boehringer (Mannheim, F.R.G.). WY 14,643 and 
2-[5-4(-chloropheny])-pentyl]-oxirane-2-carboxy- 


late (POCA) were kindly donated by Merrell Dow 
Pharmaceuticals (Cincinnati, Ohio, U.S.A.) and 
Byk Gulden (Konstanz, F.R.G.), respectively. 


Results and Discussion 


The basal specific activities of liver peroxisomal 
enoyl-CoA hydratase and cyanide-insensitive pal- 
mitoyl-CoA oxidase in starved rats were 1.5—2.0- 
fold higher than in fed animals (Fig. 1), while 
catalase remained practically unaffected during 
starvation (137+11 and 169+ 8 nmol H,O, de- 
composed / min per mg protein in starved and fed 
rats, respectively). These findings corroborate pre- 
vious results of Ishi et al. [1] in Wistar rats as 
opposed to those reported in Ref. 13 in Sprague- 
Dawley rats. The induction of liver peroxisomal 
activities by bezafibrate was much more pro- 
nounced in starved than fed rats (Fig. 1). This 
observed increase in bezafibrate-dependent induc- 
tion of peroxisomal activities was again character- 
istic of the B-oxidative activities while catalase 
remained unaffected in starved or fed animals 
treated with bezafibrate up to 8.5 mg/100 g body 
weight (not shown). The affinity for bezafibrate at 
its target site was essentially not affected by star- 
vation as the ED, for bezafibrate amounted to 
1.25 and 1.4 mg/100 g body weight in starved and 
fed animals, respectively. Hence, the observed 
sensitivity to bezafibrate in the fasting state pre- 
sumably resulted from the respective increase in 
the number of target sites for bezafibrate binding. 

The increased response to bezafibrate could not 
be accounted for by the intestinal absorption of 
the drug, since it was also observed upon injecting 
the drug intraperitoneally (Table I). Moreover, the 
higher sensitivity of the fasted animal involved a 
step which was presumably perturbed by all per- 
oxisomal proliferators, natural or xenobiotic. Thus, 
the increase in the respective specific activities of 
the fasted compared to the fed rat was observed in 
the absence or presence of bezafibrate (Fig. 1, 
Table I), as well as other xenobiotic peroxisomal 
proliferators not related in structure to fibrate 
drugs (Table II). 

The increased response to peroxisomal prolifer- 
ators in the starved rat is presumably related to 
the carnitine acyltransferase reaction. Thus, 
oxirane inhibitors of the transferase (e.g., POCA) 


ENOYL—-CoA HYDRATASE 
CUnits/mg protein) 


PALMITOYL—-CoA OXIDATION 
(mUnits/ma protein) 





BEZAF IBRATE 
(mg/{1@8gm body weight) 
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BEZAFIBRATE | 
(mg/18@gm body weight? 


Fig. 1 Induction of peroxisomal B-oxidation activities by bezafibrate introduced per orum in fed and starved rats. Bezafibrate was 
admumistered daily by a gastric tube to fasted (O) or fed (©) rats for 3 consecutive days A Peroxisomal enoyl-CoA hydratase B 


Peroxisomal palmitoyl-CoA oxidation MeantS.D (n = 4) 


could prevent the induction of peroxisomal activi- 
ties in the fasted but not the fed rat (Table IID). 
The prevention of bezafibrate-dependent induc- 


TABLE I 


INDUCTION OF PEROXISOMAL B-OXIDATION ACTIV- 
ITIES BY BEZAFIBRATE INTRODUCED IN- 
TRAPERITONEALLY IN FED AND STARVED RATS 


Bezafibrate (1.4 mg/100 g body weight): was injected 1n- 
traperitoneally daily to fasted or fed rats for 3 consecutive 
days Mean+SD (n= 4) 


Peroxisomal Peroxisomal 

enoyl-CoA palmitoyl-CoA 

hydratase oxidation 

(U/mg protein) (mU/mg protein) 

. Nontreated, fed 0.5+01 2.0402 

Nontreated, fasted 08+017? 30+0.4 * 
Bezafibrate, fed 16+04 4440.8 
Bezafibrate, fasted 6.0+03 16.0420 


* Significantly different from the nontreated-fed value; P < 
003 


-tion of peroxisomal activities by POCA in the 


fasted animal in vivo resembles that observed in 
cultured rat hepatocytes in the presence of POCA, 


TABLE II 


INDUCTION OF PEROXISOMAL B-OXIDATION ACTIV- 
ITIES BY WY 14,643 INTRODUCED PER ORUM IN FED 
AND STARVED RATS 


Wy 14,643 (0.25 mg/100 g body weight) was administered 
daily by gastric tube to fasted or fed rats for 3 consecutive 
days Mean +S.D (n= 4) 


Peroxisomal Peroxisomal 
enoyl-CoA palmitoyl-CoA 
hydratase oxidation 
(U/mg protein) (mU/mg protein) 
Nontreated, fed 05401 2049.2 
Nontreated, fasted 10+01° 30403? 
Wy 14,643, fed 68+1.0 8.6415 
Wy 14,643, fasted 16042.0 13 042.0 


* Significantly different from the nontreated fed value, P < 
0.03. 
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TABLE IIT 


THE EFFECT OF POCA ON THE INDUCTION OF PER- 
OXISOMAL B-OXIDATION ACTIVITIES IN FED AND 
STARVED RATS 


Bezafibrate (1 88 mg/100 g body weight) was administered 
daily by gastnc tube to fasted or fed rats for 3 consecutive 
days POCA was administered daily by means of a gastric tube 
where indicated, at 0 2 mg/100 g body weight and 0.9 mg/100 
g body weight to starved and fed rats, respectively Mean + S.D. 
(7 = 4) 


Peroxisomal enoyl-CoA hydratase 


(U/mg protein) 
fed rats starved rats 
Nontreated 05+005 08+01 
POCA-treated 0501 20402 
Bezafibrate-treated 66408 1204+08 
POCA- and 
bezafibrate-treated 60408 44414 


tetradecylglycidic acid or 2-bromopalmitate added 
to the culture medium. Hence, the putative sus- 
ceptible step may consist of the carnitine 
acyltransferase reaction which could be obligatory 
for the induction of peroxisomal activities in the 
fasted but not in the fed, animal where an alterna- 
tive translocation route could be effective. The 


TABLE IV 


INDUCTION OF PEROXISOMAL B-OXIDATION ACTIV- 
ITIES IN STREPTOZOTOCIN-DIABETIC AND 
INSULIN-TREATED DIABETIC RATS 


Bezafibrate (2.0 mg/100 g body weight) was admunistered 
daily by gastric tube to streptozotocin-diabetic or insulin- 
treated diabetic rats for 3 consecutive days Mean+SD (n= 
4) 


Peroxisomal Peroxisomal 
enoyl-CoA palmitoyl-CoA 
hydratase oxidation 
(U/mg protein) (mU/mg protein) 
Diabetic 14405 7,540.6 
Diabetic, bezafibrate 20+04 2 9.6+1.1° 
Insulin-treated 12402 49:04 
Insulin-treated, 
bezafibrate 26+03°” 88+19° 


* Significantly different from the diabetic value; P < 0.03 
> Sigmficantly different from the insulin-treated value; p< 
003 


role played by carnitine transferases in the induc- 
tion of peroxisomal proliferation in the fasted rat 
still remains to be investigated. 

In contrast to the fasted rat, the induction of 
liver peroxisomal activities by bezafibrate in 
streptozotocin-diabetic rats was similar to that 
observed in insulin-treated diabetic rats (Table 
IV). These results confirm earlier findings re- 
ported in Ref. 14 and may point to the require- 
ment for insulin for the expression of the con- 
cerned susceptible step in the fasted rat. 

The induction of peroxisomal activities in the 
starved rat appears, therefore, to result from both 
the accumulation of long chain fatty acids acting 
as natural proliferators as well as the involvement 
of a step presumably related to carnitine acyl- 
transferase. The induction of peroxisomal activi- 
ties by xenobiotic proliferators in the fasted rat 
appears to involve a sequel similar to that engaged 
by long chain fatty acids acting as natural pro- 
liferators. The increased response of the fasted 
animal to peroxisomal proliferators may thus be 
exploited for the detection of xenobiotic per- 
oxisomal proliferators of low proliferating potency. 
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Very low density lipoproteins (VLDL) were isolated from the perfusate of rat livers infused with a complex 
of oleic acid bound to bovine serum albumin. Very low density lipoprotein (VLDL) secretion, bile flow, 
histopathology, and transmission electron microscopy indicated that secretory functions but not morphologic 
integrity of the livers were maintained during the procedure. Plasma VLDL and liver perfusate VLDL did 
not have similar size distribution. VLDL isolated from recycling perfusate and single pass perfusate were 
also subfractionated with concanavalin A-Sepharose 4B affinity chromatography. Three subfractions were 
eluted sequentially from the perfusate VLDL: a non-adherent fraction A and two adherent fractions B and C. 
The size of these VLDL, determined after negative staining and examination by transmission electron 
microscopy, was significantly decreased by affinity chromatography. VLDL in fractions A, B and C were 
spherical and had diameters of 935 + 17, 881 + 34 and 415 + 30 A respectively. Fraction A, which did not 
adhere to the column, contained 65% of the lipid applied to the column. The carbohydrate composition of 
fraction A VLDL was 11.2 + 0.6% fucose, 14.7 + 1.2% galactose, 43.7 + 2.3% N-acetylglucosamine, and 
30.5 + 1.9% sialic acid. Sugars such as glucose and mannose, which bind to concanavalin A, were not 
detected. In contrast, VLDL fractions B and C, which adhered to the column, contained both glucose (17.7 
and 2.5%) and mannose (5.8 and 8.3%) as well as the other sugars present in VLDL fraction A. Sodium 
dodecyl sulfate gradient gel electrophoresis revealed that the affinity column procedure clearly altered the 
apolipoprotein patterns of the applied VLDL, thereby producing abnormal fractions B and C. Fractions B 
and C also differed from unfractionated VLDL and fraction A VLDL in lipid composition, in surface / interior 
core lipid ratio, and in fatty acid composition of the interior core lipids, primarily triacylglycerols. The 
steady-state anisotropy, the limiting anisotropy and the lipid order parameter of fluorescence probe 
molecules 1,6-diphenyl-1,3,5-hexatriene and trans-parinaric acid incorporated into the VLDL were of the 
following order: fraction B > fraction A > fraction C. These results are consistent with the interpretation 
that concanavalin A-Sepharose 4B affinity chromatography may artificially produce a series of VLDL 
subfractions whose composition and structural properties do not resemble those of native VLDL. 
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Introduction 


The VLDL obtained from plasma are a hetero- 
geneous group of particles with respect to density 
[1-3], carbohydrate content [4,5], size [6] and 
metabolism [7,8]. However, it is not known whether 
the origin of this heterogeneity is solely due to 
intravascular metabolism and/or exchange or 
whether the liver also secretes a heterogeneous 
class of nascent VLDL. Concanavalin A-Seph- 
arose 4B affinity chromatography has been used 
to isolate from human plasma a large number of 
VLDL subfractions differing in apolipoprotein 
content [4,5]. In addition, selective binding of 
concanavalin A to human lipoproteins containing 
apolipoprotein B was reported. In the present 
work the VLDL secreted by the isolated perfused 
rat liver were subfractionated by affinity chro- 
matography on concanavalin A-Sepharose 4B in 
order to determine whether the concanavalin A- 
Sepharose 4B affinity column procedure can itself 
alter VLDL or whether the liver secretes a homo- 
geneous or heterogeneous class of VLDL particles 
with regard to carbohydrates, lipids and structure. 
The isolated rat liver perfused with a chemically 
defined, blood-free medium provides a model sys- 
tem that minimizes the intravascular variables and 
may thereby allow heterogeneity analysis of 
secreted VLDL. A considerable body of informa- 
tion on the sensitivity of the lipid composition, 
size, density and physiochemical properties of the 
VLDL, secreted by the perfused rat liver, to nutri- 
tional variables [9-12] and to endocrine status 
[13,14] are already available. Presented herein are 
the results of electron microscopy, carbohydrate, 
apolipoprotein, lipid composition, and structural 
analyses of VLDL subfractions isolated by con- 
canavalin A-Sepharose 4B chromatography. 


Materials and Methods 


Bovine serum albumin (fraction V) was ob- 
tained from Miles Research Laboratories (Elkhart, 
IN). The bovine serum albumin was delipidized as 
described earlier [15]. trans-parinaric acid was 
from Molecular Probes, Inc. Junction City, OR), 
while 1,6-diphenyl-1,3,5-hexatriene was from Al- 
drich Chemical Co., Milwaukee, WI. Oleic acid 
was from the Hormel Institute (Elysian, MN). 
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Concanavalin A-sepharose 4B was obtained from 
Pharmacia (Uppsala, Sweden). All solvents were 
glass distilled and all lipid analysis glassware 
washed before use. [?H]oleic acid was from New 
England Nuclear (Boston, MA). 

Liver perfusion. Sprague-Dawley male rats 
(200-250 g body weight) were obtained from 
Charles River Breeding Laboratories (Wilmington, 
MA). The animals were maintained on water and 
Purina Laboratory Chow ad libitum. After at 16 h 
overnight fast, livers were isolated from the animals 
and perfused with a blood-free medium contain- 
ing 70 ml Krebs-Ringer bicarbonate buffer, (pH 
7.4), 100 mg/dl glucose and 3 g/dl purified bovine 
serum albumin was described previously [16]. Oleic 
acid-albumin complex, prepared as described 
elsewhere [17], was infused into the perfusion 
medium at the rate of 166 »mol/h for 4 h. Alter- 
natively, the 6% albumin-oleate complex in Ca**- 
and Mg**-free Krebs-Henseleit buffer (pH 7.8) 
contained 50 pCi [?H]oleic acid. The rate of tri- 
acylglycerol output in the perfusate calculated 
from the radioisotope precursor specific activity 
was 6 pmol /g liver per 4 h, a value similar to that 
obtained by other investigators [18]. Livers were 
perfused either by recycling the perfusate [11] for 
4 h, or by single pass perfusion for 1 h. In the 
latter procedure the infusate was not recycled 
through the liver. In either case, immediately after 
the perfusate was collected EDTA and NaN, were 
added at a final concentration of 0.01% and 0.02%, 
respectively, and the temperature was lowered to 
4°C. The presence of EDTA and NaN, inhibited 
bacterial growth and reduced potential proteinase 
activity. Antibiotics were not included in the in- 
fusate during liver perfusion in order to avoid 
potential alterations in liver function. The omis- 
sion of antibiotics from the infusate is standard 
procedure in the field. It should be noted that 
especially in the recycling perfusion system con- 
taining red blood cells, hepatic lipase is active and 
uptake of VLDL from the perfusate occurs [19]. 
However, in the present work recirculating and 
non-recirculating perfusions were performed 
without red blood cells. Despite this difference, 
effects of lipolysis on VLDL should be consid- 
ered. The VLDL were isolated from the perfusate 
as described below. Liver function was assessed by 
several criteria before and after perfusion [20,21]. 
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Liver histopathology and electron microscopy. 
Liver specimens were taken from the median lobes 
before and after a 4 h perfusion, fixed with neutral 
buffered formalin, paraffin processed, cut, and 
stained with hematoxylin and eosin. For electron 
microscopy, tissues were fixed with 2.5% 
glutaraldehyde in 0.1 M cacodylate buffer contain- 
ing 1% sucrose, washed, post-fixed with 1% OsO, 
in the same buffer, and dehydrated in a graded 
ethanol series. The specimens were then infiltrated 
and embedded in poly/bed 812, cut, and post- 
stained with uranyl acetate and lead citrate [22]. 
Micrographs were obtained with an RCA EMU- 
3G electron microscope operating at an accelerat- 
ing voltage of 100 kV. 

Isolation and subfractionation of the VLDL. The 
VLDL from the rat liver perfusate were isolated as 
described previously [23]. Briefly, the perfusate 
was centrifuged at 4°C for 18 h ın a 50.2 Ti Rotor 
(Beckman Instr., Fullerton, CA) at 39000 rpm 
(1.6-10® g min). The VLDL were then resus- 
pended in 10 vol. 0.9% NaCl/0.02% NaN,/0.01% 
EDTA (pH 7.4) and again centrifuged. The solvent 
density employed for VLDL flotation was less 
than 1.006 g/ml. The VLDL isolated from the 
perfusate as above were fractionated at 24°C 
according to concanavalin A-Sepharose 4B col- 
umn chromatography essentially following the 
procedure of Shore and Shore [4]: concanavalin 
A-Sepharose 4B (Pharmacia) was the column ma- 
trix (0.7 X 11 cm column). Unless otherwise 
specified, the bed volume was 5.5 ml and the flow 
rate was 2 ml/min. The concanavalin A-Seph- 
arose 4B was washed ten times with 5 ml buffer A 
(0.2 M NaCl/0.1 M sodium acetate/0.01% 
EDTA/0.02% NaN, (pH 6.8)) and then poured 
into the column. The VLDL sample (20 mg lipid) 
was applied to the column in 2 ml buffer A. The 
column was then washed with 12 ml buffer A. All 
subsequent elution buffers (B through G) con- 
tained buffer A in order to maintain pH and 
inhibit microbial growth: 12 ml buffer B (0.05 M 
glucose), 12 ml C (0.1 M glucose), 12 ml D (0.05 
M mannose), 12 ml E (0.1 M mannose), 12 ml F 
(0.1 M methyl-a-D-glucopyranoside), 18 ml G (1 
M methyl-a-p-glucopyranoside) and 10 mi H (0.2 
M NaCi/0.1 Tris (pH 9.5)). Unless otherwise 
specified, 2 ml fractions were collected and im- 
mediately cooled to 4°C. The amount of protein 


(A520 nm) Was determined in the eluant. Recoveries 
of lipid from the column were 90 + 5%. The three 
major subfractions identified by absorbance at 
280 nm were concentrated at 4°C by Amicon 
filtration using XM50 ultrafiltration membranes 
with Model 52, Model 12, or Model 3 stirred 
ultrafiltration cells (Amicon Corp., Lexington, 
MA). All VLDL samples were routinely stored at 
4°C until use. 

Very low density lipoprotein transmission electron 
microscopy. VLDL were dispersed in a 0.9% 
NaCli/1 mM EDTA/0.02% NaN, (pH 7.2) buffer 
solution. Sample preparation for negative staining 
was performed basically as described by Clark et 
al, [24]. Negatively stained samples were examined 
immediately with an RCA EMU-3G electron mi- 
croscope as described above. VLDL diameters 
were measured directly from known magnification 
factors and prints made of electron micrographs. 
In cases where the VLDL were not spherical in 
shape, an average diameter was obtained from the 
long and short axes. Aggregated VLDL were not 
measured. 

Carbohydrate analysis, Neutral and amino sugar 
were quantitated as described earlier by Mawhin- 
ney et al. [25]. Sialic acid content was determined 
by a colorimetric assay [26] and by gas liquid 
chromatography as described by Mawhinney et al. 
[27]. 

Electrophoresis. Delipidization and apolipo- 
protein electrophoresis of VLDL, isolated as de- 
scribed earlier [28], were performed as described 
elsewhere [29,30]. Sodium dodecyl sulfate gel elec- 
trophoresis was carried out in 0.1% sodium dode- 
cyl sulfate on a 3.5-20% polyacrylamide gel gradi- 
ent (top to bottom). 

Lipid analysis. Lipids were extracted from 
VLDL fractions by the method of Bligh and Dyer 
[31]. Nonlipid contaminants in the extract were 
removed by Sephadex chromatography [32] and 
silicic acid chromatography (Unisil, 100—200 mesh, 
Clarkson Chemical Co., Williamsport, PA). Tri- 
acylglycerol, cholesteryl esters and phospholipids 
were separated by thin layer chromatography using 
Silical Gel G plates (250 um thick, Analtech Inc., 
Newark, DE), visualized with 0.01% rhodamine 
6G [33], scraped and eluted with chloroform, and 
quantitated by colorimetric procedures [15]. Fatty 
acid methyl esters -were prepared by heating under 


N, with BF,-methanol (Supelco, Inc., Bellefonte, 
PA) at 100°C for 90 min [30]. The fatty acid 
methyl esters were identified by comparison of 
their retention times with standards on a 0.25 
inch, 6-foot, 10% SP-2340 (on Chromosorb WAW, 
100 mesh, Supelco, Inc., Bellefonto, PA) column 
at 185°C using a Sigma 2 Gas Chromatograph 
(Perkin Elmer Corp., Norwalk, CT) and 3390A 
Recorder-Integrator (Hewlett Packard, Inc., 
Avondale, PA). 

Fluorescence probe incorporation and instrumen- 
tation. trans-Parinaric acid and _ 1,6-diphenyl- 
1,3,5-hexatriene were incorporated into the VLDL 
(50 ug/ml phosphate-buffered saline (pH 7.4)) at 
1:100 probe-to-lipid molar ratios as described 
earlier [9-12]. Absorption, absorption-corrected 
fluorescence, relative fluorescence efficiency, and 
corrected fluorescence emission were determined 
with the computer-centered spectrofluorimeter of 
Holland et al. [34] as described by Schroeder et al. 
[9-12]. trans-Parinaric acid and 1,6-dipheny!l- 
1,3,5-hexatriene were excited at 313 and 362 nm, 
respectively, while emission was determined at 415 
and 424 nm, respectively. Arrhenius plots, fluores- 
cence lifetime, +, steady-state fluorescence polari- 
zation, P, limiting anisotropy, rotational relaxa- 
tion time, order parameter and mole fractions 
were determined using a T format spectrofluomm- 
eter obtained from SLM (SLM 4800 Subnanose- 
cond Spectrofluorimeter, SLM Instruments, Inc., 
Champaign-Urbana, IL) basically as described 
earlier [12,35]. 


Results 


Function and structure of perfused rat livers 

The following experiments were performed to 
determine whether the VLDL secreted by isolated 
rat livers perfused with a chemically defined, 
blood-free medium were released by functionally 
and morphologically normal livers. The liver aver- 
age wet weight was 9.1 + 0.4 and 8.8 + 0.6 g/rat, 
bile production was unaltered at 0.13 + 0.02 ml1/4 
h/g per liver, perfusate flow rate was 6.34 0.8 
and 7.0 +40.3 ml/min per g liver, and VLDL 
triacylglycerol output was linear for 4 h in livers 
perfused with and without oleate-bovine serum 
albumin. These findings confirm results of others 
[18]. Infusion of 166 pmol oleate /h for 4 h stimu- 
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lated VLDL triacylglycerol from 3.2 + 0.3 to 6.1 
+0.4 mol/g liver per 4 h. Light microscopy of 
hepatocytes in non-perfused livers, fixed at 37°C 
[36], exhibited normal morphology at the light and 
ultrastructural level. After perfusion, there was 
apparent intracellular swelling and some of the 
hepatocytes lost their normal polygonal shape. 
Electron microscopic examination of the rat liver 
before perfusion indicated the following promi- 
nent cytological features of the hepatocytes: a 
conspicious nucleus, dense cytoplasm containing 
abundant mitochondria and rough and smooth 
endoplasmic reticula, few lipid droplets, and ab- 
sence of glycogen. After liver perfusion, the 
hepatocytes had more and larger lipid droplets, 
indicative of increased triacylglycerol formation 
reported by others [37]. The normal parallel arrays 
of smooth endoplasmic reticulum appear more 
disordered after perfusion. Smooth endoplasmic 
reticulum and peroxisomes also appeared more 
abundant, indicating increased metabolic activity. 


Affinity chromatography of VLDL secreted by per- 
fused rat livers 

VLDL were isolated from livers perfused with 
oleate-bovine serum albumin and fractionated on 
concanavalin A-Sepharose columns as described 
in Materials and Methods. Three VLDL subfrac- 
tions were obtained by sequential elution of the 
VLDL with buffers containing displacing sugars 
of increasing affinity for concanavalin A. Both 
absorbance at 280 nm (Fig. 1) and [*HJoleate 
incorporation (data not shown) demonstrated the 
sequential elution of three VLDL subfractions: a 
non-adherent fraction A, an adherent fraction B 
that was displaced by glucose and mannose, and a 
tightly adherent fraction C that was displaced by 
]-O-methyl-a-D-glucopyranoside. Regeneration of 
the column and elution of VLDL obtained from a 
single pass perfusate also showed that same elu- 
tion profile (Fig. 1). However, the distribution of 
material in the three peaks varied, depending on 
the type of perfusion carried out. This result may 
indicate that some degradation of VLDL (e.g., 
peak B) occurred during the recycling perfusion. 
Regeneration of the column had no effect on 
separation of a second VLDL application. A non- 
adherent fraction A eluted first followed by two 
adherent fractions B and C. 
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Fig 1 Elution profile of VLDL from affinity columns. VLDL 
were isolated from the perfusate of the perfused rat liver and 
affinity chromatography was carned out with concanavalin 
A-Sepharose 4B. The VLDL were resolved at 24°C At lower 
temperatures the VLDL adhered very poorly to the column 
The eluted fractions were designated from left to right as 
fraction A, fraction B and fraction C First application refers 
to VLDL from recycling perfusate apphed to fresh column 
Second application refers to VLDL from single pass perfusate 
Recoveries from the columns were 90-95% 


Transmission electron microscopy of plasma VLDL 
and VLDL secreted by perfused rat livers 
Differences in morphology of VLDL isolated 
from rat plasma versus the isolated perfused rat 
liver indicated that the rat liver perfused for 4 h 
with recycling perfusate secreted a heterogeneous 
group of particles that were mostly spherical in 
shape, but aggregates also appeared. The diam- 
eters of non-aggregated VLDL from recycling liver 
perfusate and from plasma were 866 + 33 vs. 708 
+40 A (Table I; P < 0.05). This difference could 
result from more extensive intravascular metabo- 
lism and corresponding size reduction in plasma 
as compared to isolated liver perfusate. The VLDL 
isolated from the recycling perfusate and eluted 





TABLE I 


SIZE OF VLDL ISOLATED FROM PLASMA OR FROM 
THE PERFUSED RAT LIVER AND SUB- 
FRACTIONATED BY AFFINITY CHROMATOGRAPHY 


VLDL were isolated from rat plasma and from a recycling (4 
h) infusate through the perfused rat liver. VLDL were nega- 
tively stained at room temperature, examined by transmission 
electron microscopy, and were photographed at a magnifica- 
tion of X 20000 to x 60000. Most of the particles were spheri- 
cal The refers to the number of particles measured. Values 
represent the means +SE An asterisk (*) refers to P < 0.05 
for fractions A, B or C compared to unfractionated VLDL in 
the single pass perfused liver while a dagger (+) refers to 
P < 0.05 as compared to VLDL from plasma (Student’s ‘z’ 
test). 


Sample Diameter (A) n 
Blood 
plasma VLDL 708 + 40 55 
Perfused liver (recycling) 
unfractionated 866 +337 60 
fraction A 935 +177 83 
fraction B 881 +34? 55 
fraction C 415+30* 7 67 


from a concanavalin A-Sepharose 4B affinity 
chromatography column had a similar mor- 
phology to those of plasma VLDL and un- 
fractionated VLDL. Each of the three fractions, 
A, B and C, eluted primarily as a single size peak, 
although fraction A contained some larger diam- 
eter particles. The mean diameters of the non-ad- 
herent fraction A and the adherent fraction B 
(935 +17 A vs. 881 + 34 A) were not significantly 
different from each other. In contrast, fraction C 
was comprised of much smaller VLDL particles 
with a mean diameter of 415 + 30 A, which were 
significantly smaller (P <0.05) than those from 
either fractions A and B or plasma (Table I). 
Thus, passage of VLDL from the recycling per- 
fusate (mean diameter 866 + 33 A) over the affin- 
ity column resulted in elution of some particles 
with diameters much smaller, indicating disrup- 
tion of VLDL on the column. 


Carbohydrate analysis of VLDL subfractionated by 
affinity chromatography 

The unfractionated VLDL obtained from the 
isolated perfused rat liver contained 1.77 + 0.15 
mg carbohydrate/100 mg protein (Table IT). The 


TABLE II 


67 


CARBOHYDRATE COMPOSITION OF VLDL OBTAINED FROM THE ISOLATED PERFUSED RAT LIVER AND SUB- 


FRACTIONATED BY AFFINITY CHROMATOGRAPHY 


Very low density hpoproteins (VLDL) were isolated from the perfused rat liver, subfractionated by affinity chromatography on 
concanavalin A-Sepharose 4B, and protein and carbohydrate analyses were determined Values represent the means +SE (n= 7 or 
8) An asterisk (*) refers to P < 0001 as compared to unfractionated VLDL while a dagger (+) refers to P < 0.001 for fractions B or 


C compared to fraction A (Student’s ‘£’ test) 


Sugars, Sample 

measured as: unfractionated fraction A 

mg carbohydrate/100 mg protein) 
total 1 767 +0.150 0.348 +0 031* 

Percent composition by weight 
fucose 66 +0.3 11.2 +406* 
mannose 161 +2.1 0.0* 
glucose 29 +0.2 0.0* 
galactose 251 +2.0 14.7 +12* 
N-acetyl- 
glucosamine 303 +42.4 43.74+2.3* 
sialic acid 189 +412 30.5 +19* 
total 100 100 


non-adherent VLDL fraction A had the lowest 
carbohydrate content (0.35+0.03 mg/100 mg 
protein), while the VLDL fraction C with the 
highest affinity for concanavalin A had the highest 
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Fig. 2. SDS gradient gel electrophoresis of VLDL and VLDL 
subfractions isolated by affinity chromatography Track 1, 
molecular weight standards; track 2, unfractionated VLDL: 
track 3, fraction A VLDL; track 4, fraction B VLDL, track 5, 
fraction C VLDL, track 6, rat lymph. Apo, apohpoprotein. 


fraction B fraction C 

0 654+ 0 063*t 2.832 +0 194*Ħ 
130 +0.6* 59 +02? 

58 +0.6*7 177 +24" 

8.3 +07*7 25 +02! 
26.0 +21! 25.3 +223 
27.7 432" 302 +167 
193 +237 184 +097 
100 100 


carbohydrate content (2.83+0.19 mg/100 pro- 
tein). More importantly, carbohydrates that have 
a high affinity for concanavalin (glucose and man- 
nose) were absent in VLDL fraction A, but were 
present at 0.038 and 0.054 mg/100 mg protein in 
fraction B and at 0.502 and 0.068 mg/100 mg 
protein in fraction C. Mannose is 5-fold and 10- 
fold more potent in binding to concanavalin A 
than are glucose and N-acetylglucosamine, respec- 
tively, while galactose, fucose and sialic acid are 
poorly bound, if at all [38]. The content of sialic 
acid increased 5-fold in the order fraction A < 
fraction B < fraction C. Thus, the relative content 
of concanavalin A binding residues normalized for 
binding affinity of the various sugars was: fraction 
A, 1.0; fraction B, 2.3; and fraction C, 4.9. These 
differences were also reflected in the percent 
carbohydrate composition by weight and can 
account for the relative binding of VLDL frac- 
tions A, B, and C to concanavalin A-sepharose 4B 
beads. 


Distribution of pid in VLDL subfractions 

The composition of the unfractionated VLDL 
was 7.1, 6.8, 4.2, and 32.5 mg/dl of protein, 
phospholipid, cholesterol, and triacylglycerol, re- 
spectively. Greater than 90% of the VLDL lipid 
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TABLE I 


RELATIVE PERCENT COMPOSITION OF VLDL 
APOLIPOPROTEINS 


The percent composition of the VLDL apolipoproteins (Apo) 
was obtained from gel scans of the gels in Fig 1 by use of an 
LKB Laser Gel Scanner 


Unfrae- Fraction A Fraction B Fraction C 





tionated 
ApoB, 151 Sa 0 0 
Apo B; 252 216 0 0 
Albumin 64 6.6 76 0 
ApoAIV 14 0 0 0 
Apo E 240 18 4 0 0 
X; Q 126 206 32.6 
Apo AI 3.5 24 0 0 
X- 0 0 29 72 
Apo II 22 32 1.6 36 
X3 0 9,2 437 337 
Apo C 22 1 20 9 23.6 23 5 





applied to the column was recovered and ap- 
proximately 65 + 7% of the lipid recovered from 
the column appeared in the non-adherent peak 
designated fraction A. Two smaller peaks (B and 
C) contained 22 +6% and 12+ 3% of the lipid 
recovered from the column, respectively. Thus, the 
VLDL secreted by the perfused liver appeared to 
be comprised of a major fraction and two signifi- 
cant smaller fractions when fractionated by con- 
canavalin A affinity chromatography. 


Electrophoretic analysis of apolipoproteins from 
VLDL subfractions 

To characterize further the glycoapolipoprotein 
composition of VLDL secreted by the perfused rat 
liver, sodium dodecyl sulfate gradient gel electro- 
phoresis was performed on unfractionated VLDL, 
fractions A, B, and C and rat lymph VLDL (Fig. 2 
and Table III). As expected, apolipoproteins B, E 
and C were the major components of the unfrac- 
tionated VLDL, comprising 40.3, 24.0 and 22.1% 
of the total. Small amounts of apolipoproteins AI, 
AII and AIV were also present. VLDL fraction A 
contained all of the aforementioned apolipopro- 
teins plus certain other proteins with molecular 
weights of 31000 (X, = 12.6%) and 15 000—20 000 
(X, + X, = 9.2%). Although beyond the scope of 
the present work, immunoblotting techniques 
could help in identifying the source of the ‘x’ 


proteins. VLDL fractions B and C were deficient 
in apolipoproteins B, E, AI and AIV while being 
enriched 67% and 73%, respectively, in unidenti- 
fied apolipoproteins not present in the starting 
material. The C apolipoproteins appeared to be 
present in all the VLDL fractions. The presence of 
low molecular weight new proteins as well as the 
absence of high molecular weight proteins, e.g. 
apolipoprotein B, in fractions B and C, strongly 
suggests proteolysis during the column proce- 
dures. Thus, the identification of fractions B and 
C as normal VLDL species devoid of 
apolipoproteins B and E is not warranted at this 
stage of the investigation. It would appear that 
apolipoprotein modification on the column may 
also give rise to the considerable loss or proteo- 
lytic modification of apolipoprotein B, in fraction 
A as well (Table HI). The ratio of apolipoprotein 
B, to apolipoprotein B, in the unfractionated 
VLDL and in fraction A was 0.59 vs. 0.24, respec- 
tively. These data were also consistent with the 
possible loss of some fraction A apolipoproteins 
either on the column or during the column eluant 
concentration and washing procedure. Lastly, rat 
plasma VLDL were also electrophoresed by the 
above procedure and demonstrated the presence 
of apolipoproteins AI and AȚI, as well as apoli- 
poproteins C, E and D (data not shown). The gel 
patterns and relative apolipoprotein compositions 
of plasma VLDL were not similar to any of the 
VLDL subfractions presented here. 


Lipid composition of VLDL secreted by the perfused 
rat liver 

The lipid composition of VLDL is a primary 
determinant of VLDL structure, density, and flo- 
tation behavior. Considerable lipid compositional 
differences between the VLDL subfractions were 
observed (Table IV). The ratio of surface lipids 
(phospholipid plus cholesterol) to interior core 
lipids (triacylglycerol plus cholesteryl ester) and 
the cholesterol-to-phospholipid ratio were marked- 
ly different between the three fractions. The former 
ratio (surface /interior core lipid) was smallest in 
VLDL from fraction C (0.14) as compared to 
VLDL in fraction A (0.30). 

The fatty acid composition of the phospholipid 
from fractions A, B and C showed no statistical 
differences except for the decreased content of 
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LIPID COMPOSITION OF HEPATIC VERY LOW DENSITY LIPOPROTEIN SUBFRACTIONATED BY CONCANAVALIN 


A-SEPHAROSE 4B AFFINITY CHROMATOGRAPHY 


Triacylglycerol, phospholipid, cholesterol, and cholesterol esters were quantitated and expressed on a molar basis Molar values were 
then assigned relative values with triacylglycerols arbitrarily assigned a value of 100 This calculation was described earlier [10] 
Values represent the means +S E. (n= 6) An asterisk (*) signifies P < 001 as compared to fraction A. 


Lipid VLDL subfraction 
A 

Triacylglycerol (TG) 100 

Phospholipid (PL) 228 +20 

Cholesterol (C) 223 +57 

Cholesteryl ester (CE) 40 +10 

(PL+C)/(TG + CE) 0 30 + 0.04 

(C/PL) 0.97 +0 03 

TABLE V 


| 
FATTY ACID COMPOSITION OF PHOSPHOLIPIDS AND 
TRIACYLGLYCEROLS OF THE VERY LOW DENSITY 
LIPOPROTEINS SECRETED BY THE PERFUSED RAT 
LIVER AND FRACTIONATED BY CONCANAVALIN A- 
SEPHAROSE 4B AFFINITY CHROMATOGRAPHY 


Values represent the means +S.E (n= 6) An asterisk refers 
to P<005 as compared to A L, S and U refer to long-chain 
(more than 18 carbons), short-chain (less than 18 carbons) and 


unsaturated fatty acids, respectively 


Fatty acid VLDL subfraction 

composition B C 

(% by weight) 

Phosphohpid 
14:0 1706 334I2 1908 
15:0 0.3401 0.540.3 -— 
16.0 213421 214443 17.4412 
16:1 1.3+03 1240.8 14+02 
18.0 200428 24.14 2.7 21.2 44.4 
18:1 366427 305+41 38.7448 
18:2 7.2431 12404*. 89412 
20:4 35417 7.740 3* 6 74+1.8* 
other 8.1420 101+11 3.841 2* 
L/S 30 28 30 
U/S r3 10 15 

Triacylglycerol 
14 0 2.5409 163464* 38410 
15:0 04+02 07+03 03+01 
16°0 154+10 15.8+1.4 128+06 
16:1 4.3428 14404 1.8+06 
18 0 25+13 5042.6 1040.1 
18-1 601423 39,6+5.8* 73.2410* 
18.2 3.4423 09408: 2940-7 
20.4 03401 28413", 06+0.4 
other WIT+20 17.5428 3.6 +0.8* 
L/S 34 19* 44* 
U/S 38 17x 46* 


B C 

100 100 

36.6 +3 8* 85 +1.4* 
234 +50 86 +29* 
152 +42* 34 409 
0.344005 014+002* 
0 64+007* 101+0.2 


18:2 in fraction B and elevated content of 20:4 
in B and C (Table V). In contrast, the tri- 
acylglycerols varied as much as 2-fold between 
fractions (Table V). The triacylglycerol unsatu- 
rated / saturated fatty acid ratio was 3.8, 1.7 and 
4.6 for VLDL subfractions A, B and C, respec- 
tively. The triacylglycerols in fraction B have a 
unique fatty acid composition, low in oleate, the 
fatty acid infused. This could perhaps represent 
preformed VLDL released by the liver. Fatty acid 
composition of the cholesteryl esters was not 
shown since the cholesteryl esters usually com- 
prised only a small fraction of the total VLDL 
lipids. In summary (Table V), the above data 
indicate that the VLDL subfractions resolved by 
concanavalin A-Sepharose 4B affinity chromatog- 
raphy were compositionally heterogeneous. This 
heterogeneity may be responsible for the struct- 
ural heterogeneity detailed below. 


Static and dynamic properties of fluorescence probe 
molecules in VLDL subfractions 

The possible structural heterogeneity of VLDL 
isolated from perfused rat livers and sub- 
fractionated on concanavalin A-Sepharose 4B was 
determined. A quantitative summary of fluores- 
cence probe spectral parameters in VLDL sub- 
fractions is given in Table VI. The corrected fluo- 
rescence and relative fluorescence efficiency (di- 
rectly proportional to quantum yield) differed as 
much as 2-fold in the three VLDL subfractions. 
The corrected fluorescence and relative fluo- 
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TABLE VI 


FLUORESCENCE OF 1,6-DIPHENYL-1,3,5-HEXATRIENE AND TRANS-PARINARIC ACID IN VLDL SUB- 
FRACTIONATED BY CONCANAVALIN A-SEPHAROSE AFFINITY CHROMATOGRAPHY 


Values represent the means +S E. (n = 6). An asterisk (*) sigmfies P < 0.01 as compared to A 


B C 

1053 431* 109.9 +01* 

251 +12* 307  +13* 
0.245 + 0 005* 0.203 + 0 003* 
89 +02 87 +04 
0 178 +0.003* 0 145 + 0 002* 
0.125 + 0 002* 0 085 +0 002* 
220 +0.06 211 +009 
056 +002* 046 +001* 

1541 +29* 217.0 4217 

30200 Æ 2I" 490 +30* 
0 334 + 0.004* 0 277 +0 003* 
33 +02 21 +03 
106 +05 93 +04 
038 +006 0.34 +006 
062 +006 0.66 +006 
0 251 + 0.003* 0 203 + 0.002* 
0.224 + 0 003* 0 161 +0 002* 
152 +0.03 153 +002 


Fluorescence probe spectral VLDL fraction 
parameters A 
1,6-Diphenyl-1,3,5-hexatriene 
absorbance corrected 
fluorescence 870 +01 
relative fluorescence 
efficiency 167 +15 
polarization, P 0 222 +0 004 
lifetime, 7 (ns) 84 +0.3 
steady-state anisotropy, r 0.159 +0.002 
hmiting anisotropy, 7,, 0 159 + 0 002 
rotational rate (ns) 2.09 +0007 
order parameter, $ 0.50 +001 
trans-Parinaric acid 
absorbance corrected 
fluorescence 860 +3.2 
relative fluorescence 
efficiency 176 +8 
polarization, P 0 303 + 0 004 
lifetime, 7, (ns) 2.9 +03 
lifetame, t (ns) 9.8 +08 
fractional fluorescence, F, 040 +0.05 
fractional fluorescence, F, 060 +005 
steady-state amsotropy, 7 0 224 + 0.003 
limiting anisotropy, r,, * 0 188 + 0 003 
rotational rate (ns) ê 1.53 +0002 


2 Values were calculated according to Weber’s Law for additivity of polanzation anisotropy [46] and represent average values based 


on fractional fluorescence 


rescence efficiency of 1,6-Diphenyl-1,3,5- 
hexatriene and trans-parinaric acid were highest in 
fraction C, while the steady-state polarization of 
1,6-diphenyl-1,3,5-hexatriene was highest ın frac- 
tion B (0.245 in B vs. 0.222 in A and 0.203 in C). 
The motional properties of lipids were also de- 
termined with fluorescence probe molecules (Ta- 
ble VI). The limiting anisotropy (sensitive to the 
degree of restriction to probe rotational motion) 
and the lipid order parameter of 1,6-diphenyl- 
1,3,5-hexatriene were significantly higher in frac- 
tion B VLDL and lower in fraction C VLDL, 
respectively, as compared to fraction A VLDL. 
The rotational relaxation time, in contrast, was 
near 2.1 ns and was unchanged. The fluorescence 
probe molecule trans-parinaric acid partitions into 
two membrane lipid environments, fluid and solid, 


and displays a 4-fold preference for solid lipid 
[39]. Similarly, in the VLDL subfractions trans- 
parinaric acid displayed two fluorescence lifetime 
components near 3 and 10 ns. Approximately 
0.69, 0.66 and 0.69 mole fraction of the trans- 
parinaric acid was associated with the lipid en- 
vironment with the short lifetime component in 
VLDL subfractions A, B and C, respectively. The 
remaining mole fraction was with the longer life- 
time component. Because of its 4-fold higher af- 
finity for solid lipid approximately only 7.7%, 
8.5% and 7.8% of the lipid environment detected 
by trans-parinaric acid in VLDL subfractions A, B 
and C, respectively, was solid at 24°C. Arrhenius 
plots of trans-parinarate corrected fluorescence or 
polarization in fractions A, B and C had break-. 
points near 17 and 24°C (fraction A), 39°C (frac- - 


tion B) and no breakpoints (fraction C). 1,6-Di- 
phenyl-1,3,5-hexatriene showed breakpoints only 
in fractions B and C near 26°C and 35°C, respec- 
tively. These data indicate a very different struc- 
ture and phase behavior in the three VLDL sub- 
fractions. 


Discussion 


Recent results from several laboratories indi- 
cate that a structural and metabolic heterogeneity 
may exist not only for the plasma high and low 
density lipoproteins but also for the VLDL re- 
leased by the liver [1-8]. Other investigators [4,5] 
have used concanavalin A-Sepharose 4B chro- 
matography to resolve plasma VLDL subfrac- 
tions. The effect of concanavalin A-Sepharose 4B 
chromatography itself on VLDL properties has 
not heretofore been reported. VLDL secreted by 
the isolated perfused liver were used instead of 
plasma VLDL wherein exchange of components 
and extensive metabolism may already modify the 
VLDL. The secretory but not all morphological 
criteria showed that the perfused liver was func- 
tionally normal. Standard criteria, such as loss of 
endothelial cells, reduced microvilli, fragmentation 
and/or dissociation of hepatocytes, which are 
characteristic of necrosis, were not observed in 
either non-perfused or perfused livers. Although 
the hepatocytes were slightly swollen, mitochon- 
drial swelling inclusions within mitochondria, in- 
dicative of early cell injury [40,41], were not pre- 
sent either before or after perfusion. The hepato- 
cyte swelling after perfusion may be due to the 
flow rate of perfusate through the liver (7 ml/min 
per g) which is higher than in vivo rates indicated 
from previous studies in other species [42]. The 
increased appearances of lipid droplets was con- 
sistent with uptake of oleate from the perfusate, 
and increased triacylglycerol synthesis. 

The data presented herein demonstrated that 
the three subfractions separated by concanavalin 
A-Sepharose 4B chromatography differed 8-fold 
(fractions A vs. C) in carbohydrate content and 
even more dramatically in carbohydrate composi- 
tion. The elution profile of the subfractions could 
be explained by their quantity and relative content 
of mannose, glucose and N-acetylglucosamine — 
all sugar residues that bind to concanavalin A. 
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These sugars were primarily found in the column 
adherent fractions B and C. However, sialic acid, 
fucose and galactose were found in all three sub- 
fractions. All of the above sugars are normal 
constituents of plasma lipoproteins [43]. In ad- 
dition, sialic acid, which is the carbohydrate whose 
relative distribution in the C apolipoproteins regu- 
lates VLDL catabolism, was compositionally 
greatest in the VLDL fraction C and least in the 
non-adherent VLDL fraction A (5-fold difference). 

A number points consistent with the conclusion 
that the concanavalin A affinity chromatography 
altered VLDL properties were obtained. First, the 
size of the VLDL was altered by the column 
fractionation procedure. Second, the apolipopro- 
tein pattern of the three VLDL subfractions dif- 
fered markedly. Although the apolipoproteins B, 
E, AI, AII, AIV and C were present in relative 
expected amounts in the unfractionated VLDL 
and fraction A VLDL [29,44], the apolipoproteins 
B, and B, were essentially absent from adherent 
fractions B and C. Third, preferential loss of 
apolipoprotein B, and AIV apparently occurred 
in all three fractions as compared to the unfrac- 
tionated VLDL. Fourth, several smaller molecular 
weight and as yet unidentified apolipoproteins 
appearing in the vicinity of the C apolipoproteins 
were enriched in VLDL fractions B and C. Several 
types of lipoprotein degradation must be consid- 
ered, e.g., intravascular metabolism by hepatic 
lipase. The isolated perfused liver may secrete this 
and other enzymes including proteinases. Sources 
of proteinase activity in the perfusate and buffers 
could include bacteria as well as proteinase re- 
leased from the liver. Bacterial growth was in- 
hibited with NaN, and low temperature in the 
present study. VLDL themselves can contain at- 
tached proteinases [45]. Possibly, such proteinases 
could be activated during the affinity chromatog- 
raphy procedure. It is obvious that the activity of 
proteinases could be further reduced by including 
a proteinase inhibitor such as phenylmethyl- 
sulfonyl fluoride in the perfusate and/or the; 
buffers used to isolate the VLDL. However, since 
these substances could be toxic to the liver, were 
not utilized by many investigators in the field 
using, perfused liver techniques [9-18,20,21,28,29], 
and because they were not added by others using 
concanavalin A-Sepharose 4B chromatography 
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[4,5], proteinase inhibitors were also not used 
herein. This allowed for better comparisons with 
the data of earlier workers. The above enzymes 
could break down large VLDL into smaller VLDL 
and cause concomitant loss of some apoli- 
poproteins such that a heterogenous population of 
particles may be obtained. However, such break- 
down would be less likely in perfusate from the 1 
h single pass perfusate which remained at 37°C 
only while passing through the liver in minutes 
and was then immediately cooled at 4°C. In con- 
trast the recycling perfusate was kept at 37°C for 
4 h. However, VLDL from both single pass and 
recycling perfusate displayed similar elution pat- 
terns on concanavalin A-Sepharose 4B columns. 

The physiological importance of VLDL hetero- 
geneity is not understood at this time. The results 
presented here clearly show that concanavalin A- 
Sepharose 4B affinity chromatography resolves 
several VLDL subfractions differing dramatically 
in lipid, protein and carbohydrate composition as 
well as structure. However, these subfractions ap- 
pear to be produced by or artifactually modified 
by the affinity column procedure. The electron 
microscopic and electrophoretic data clearly 
established that the affinity column procedure 
produced artifacts, especially in fractions B and C. 
Therefore, these subfractions probably do not rep- 
resent newly secreted VLDL, but instead VLDL 
modified during the affinity chromatography pro- 
cedures. Whether VLDL apolipoprotein modifica- 
tion on the column also results in altered lipid 
composition and structure is not known, but is 
suspected. Use of the concanavalin A-Sepharose 
4B affinity isolation procedure is therefore not 
recommended for investigating normal VLDL het- 
erogeneity. 
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In rat hepatocytes cultured in lipoprotein-deficient serum, the uptake and degradation of chylomicron 
remnant cholesteryl ester per mg cell protein varies inversely with cell density. Compactin, a competitive 
inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme-A reductase, stimulates the uptake at all cell densities. 
Mevalonic acid, on the other hand, can suppress a significant part of the remnant uptake. Chylomicron 
remnant uptake in hepatocyte cultures can thus be influenced by factors known to regulate the apoli- 


poprotein-BE receptor activity. 


Introduction 


Dietary and endogenous cholesterol is trans- 
ported from the intestine mainly as chylomicrons. 
During the rapid lipolysis of chylomicron tri- 
acylglycerols, chylomicron remnants are formed 
which carry the major part of the cholesteryl ester 
[1]. These particles are rapidly taken up by the 
liver [2], by an endocytic process located mainly at 
the hepatocytes [3—5]. This uptake may be medi- 
ated both by the receptor that exclusively binds 
apolipoprotein E (the remnant or E-receptor) and 
the low-density lipoprotein (LDL) receptor (the B, 
E-receptor) [6]. 

Metabolic regulation of the hepatic apolipopro- 
tein-E-mediated remnant uptake cannot be easily 
demonstrated in vivo, i.e., in cholesterol-fed hypo- 
thyreotic rats that accumulate apolipoprotein-E- 


Abbreviations. LDL, low-density lipoprotein, Hepes, 4-(2-hy- 
droxyethyl)-i-piperazineethanesulphonic acid 
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rich lipoproteins in plasma the remnant clearance 
is normal [7]. In dog liver membranes an increased 
binding of remnants is observed after bile acid 
drainage or cholestyramine treatment, but this can 
be ascribed to an induction of the apolipoprotein- 
BE receptor [8]. In vivo an increased catabolism of 
low-density lipoprotein (LDL) by the liver after 
biliary drainage and cholestyramine treatment has 
been demonstrated in several species, including 
man [9-11]. Administration of mevinolin or com- 
pactin, which are efficient competitive inhibitors 
of 3-hydroxy-3-methylglutaryl-CoA-reductase, not 
only inhibits cholesterol synthesis but also induces 
the hepatic LDL-receptor in vivo [11,12]. 

In cultured rat hepatocytes, chylomicron re- 
mnants are taken up more efficiently than native 
chylomicrons [13], although the absolute rates of 
uptake are lower than in the intact perfused liver 
[14,15]. Rat hepatocyte monolayers also take up 
LDL [16], and this uptake is cell-density-depen- 
dent and inducible with compactin [17]. In other 
cell types apolipoprotein-E-rich chylomicron re- 
mnants bind avidly to the apolipoprotein-BE re- 
ceptor [18,19]. Both the apolipoprotein-BE and 
the apolipoprotein-E receptor could thus contrib- 
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ute to the chylomicron remnant uptake in 
hepatocyte monolayers. In the present study the 
cell-density dependence of the chylomicron re- 
mnant uptake in hepatocyte monolayers was ex- 
amined. In addition, the effects of compactin and 
of mevalonic acid were examined in order to see 
whether the remnant uptake in this model system 
is subject to a metabolic regulation similar to that 
of the apolipoprotein-BE receptor. 


Material and Methods 


[1,2-?H]Cholesterol and [1-!*C]linoleic acid 
were obtained from Amersham International, U.K. 
Male white Sprague-Dawley rats weighing 250-300 
g were obtained from ALAB AB, Stockholm, 
Sweden. Thoracic duct cannulations were per- 
formed according to Bollman et al. [20], and the 
rats were treated postoperatively as described 
earlier [13]. The rats were fed 1.0 mi corn oil 
containing 20 mg unlabeled cholesterol plus 500 
Ci [1,2-7H]cholesterol and 50 pCi [1-'4C]linoleic 
acid. The fat was given divided in three doses over 
2 h. Lymph was collected and stored at 4°C with 
2 mM Na -EDTA present [21]. Chylomicron rem- 
nants were prepared by injecting chyle into 
eviscerated rats [15]. After 30 min, blood was 
drawn from the abdominal aorta using Na,-EDTA 
as an anticoagulant. The density of the plasma 
was adjusted to 1.063 kg/l by adding a stock 
solution (d = 1.35 kg/l) of KBr and NaCl. It was 
then layered under saline (d= 1.006 kg/l) and 
centrifuged in a Beckman L 5-65 ultracentrifuge 
with an SW Ti 40 rotor at 32000 rpm (120000 x g) 
for 12 h. The top layer containing the chylomicron 
remnants was collected under sterile conditions 
and used within 24 h. Lipoprotein deficient serum 
was prepared from fetal calf serum (Flow Labora- 
tories, Irvine, U.K.) by ultracentrifugation at d = 
1.25 kg/1 [22]. After centrifugation the d> 1.25 
kg/l fraction was extensively dialyzed against 0.15 
M NaCl/1 mM Na,-EDTA (pH 7.4). The 
cholesterol content in lipoproten-deficient serum 
ranged between 0.10 and 0.18 mmoi/1. 

Leibovitz L-15 medium, fetal calf serum and 
Hepes were obtained from Flow Laboratories, 
U.K. Acid-soluble calf-skin collagen and meva- 
lonolactone were obtained from Sigma Chemical 
Co., St. Louis, MO, U.S.A. The mevalonolactone 
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was subjected to alkaline hydrolysis before use 
[23]. Triacylglycerol and cholesterol concentra- 
tions were determined by the commercial en- 
zymatic kit methods of Boehringer-Mannheim, 
Mannheim, F.R.G. Compactin was a kind gift 
from Dr. Endo, Tokyo, Japan. 

Hepatocytes were prepared by a collagenase 
procedure [24], using the conditions of Seglen [25]. 
The initial cell viability of cells in suspenion was 
better than 85% as determined by the Trypan blue 
exclusion test. Sterilized equipment and aseptic 
technique were used during operation. Hepato- 
cytes were cultured in primary monolayers accord- 
ing to Lin and Snodgrass [26]. The culture medium 
was Leibovitz L-15 containing 28 mM Hepes (pH 
7.4), 1 mM sodium succinate, 100 ug penicillin 
and 50 pg gentamicin per ml. Collagen coated 60 
mm Petri dishes (Falcon No 1007) were used. 
Varying numbers of hepatocytes were plated in 
each dish (0.1-10°—4-10° hepatocytes) in a 
volume of 2.5 ml medium containing 5% lipopro- 
tein-deficient fetal calf serum. The dishes were 
placed in humidified air at 37°C. Medium was 
changed 4 h after plating and then every 24 h 
except as described otherwise in the text. Before 
the incubation with chylomicron remnants, new 
medium containing 5% lipoprotein-deficient fetal 
calf serum was added. The incubation with 
remnants lasted for 4 h. After incubation with 
remnants the cells were washed according to a 
standard procedure [27], ans solubilized with 2.6 
ml 0.5 M NaOH. Aliquots were taken for protein 
determination [28]. After neutralization with HCl, 
lipids were extracted from cells and media with 
chloroform/methanol (1:2). Lipids were sep- 
arated by thin-layer chromatography on silica-gel 
G plates developed in light petroleum/diethyl 
ether/acetic acid (80:20:1, v/v). Spots were 
identified by staining with iodine vapour, and 
scraped into vials. 1 ml methanol/water (1:1) 
and 9 mi Instagel/ toluene (1:1) were added and 
radioactivity was determined in a Packard TC 460 
CD Liquid Scintillation system, using the com- 
puterized automatic Scintillation system, using the 
computerized automatic external standard for 
quench correction. 

Net hydrolysis of remnant cholesteryl ester was 
calculated as described earlier [13]. Cell associa- 
tiom of chylomicron remnant cholesterol is the 
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amount of unesterified labelled cholesterol plus 
cholesteryl ester found in the washed cells. When 
the remnant uptake at different cell densities was 
investigated we found that cell association and 
hydrolysis per mg cell protein varied inversely 
with cell density. In a double-log plot the points 
centered round a line. Normalization has been 
described earlier [17,29]. In short, through each 
point representing an observation a line is drawn 
parallel with the main line, the intercept with the 
line x=3 (1000 ug/dish) gives the normalized 
value for each dish. As long as the points are 
arranged symmetrically round a common axis the 
normalized values will also be comparable and 
thus they will have the same k. Evaluation of the 
normalized values was done with Student’s t-test 
and Wilcoxon’s rank sum test. 


Results 


The remnant particles prepared by injecting 
chyle into eviscerated rats had lost 85-95% of 
their original triglyceride content. 60-80% of the 
(*H]cholesterol radioactivity of the chylomicrons 
was in cholesteryl ester. Due to loss of unesterified 
[?H]cholesterol during preparation of remnants, 
the proportion of 7H that was in cholesteryl ester 
in incubated remnants was 81.3—88.4%. 

Uptake of chylomicron remnants was cell-den- 
sity-dependent. After a 4 h incubation at low cell 
density (500 ug protein/dish), cell association of 
radioactively labelled cholesterol and cholesteryl 
ester was on average 35 ng/mg cell protein. At a 
high cell density (1.5 mg cell protein/dish) the 
average value was 10 ng/mg cell protein (Fig. 1). 

The net hydrolysis of chylomicron remnant 
cholesteryl ester was also cell-density-dependent. 
At a low cell density (0.5 mg protein / dish) 20 ng 
cholesteryl ester were hydrolysed per mg cell pro- 
tein and at a high cell concentration (1.5 mg cell 
protein/dish) 8 ng were hydrolysed per mg cell 
protein. 

In order to normalize cell association and hy- 
drolysis to 1 mg cell protein a double-log plot was 
drawn (Fig. 1B). This normalization was carried 
out to make it possible to compare the effects of 
compactin at different cell densities. 

Incubation with compactin for 48 h had a 
stimulatory effect on cell association and hydroly- 
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Fig. 1. Effect of cell density on the uptake of chylomicron 
remnant cholesterol. Double-log transformation of the uptake 
of chylomicron remnant cholesterol per mg cell protein vs ug 
cell protein. After culture for 48 h in the presence of 5% 
lipoprotein-deficient serum, new medium containing 
chylomicron remnants was added per dish These remnants 
contained 300 ng cholesterol, of which 81% (5170 dpm °H) was 
cholesteryl ester and 19% cholesterol (1213 dpm °H). The 
added chylomicron remnants contained 219 pg triacylglycerol 
(5287 dpm C). The incubation was continued for 4 h (A) 
Cholesterol uptake as a function of pg protein per dish. The 
mean value for chylomicron remnant uptake 1s 17.4+7,4 
(S.D.) ng cholesterol/mg cell protein, N =12. The coefficient 
of variation is 0.43. In B the uptake is normalized. The mean 
value is here 15 941.2 ng cholesterol per mg cell protein. The 
coefficient of vanation is 0.08. Each point represents one dish 
All the values are from one experiment. 


sis of chylomicron remnant cholesteryl-ester (Ta- 
ble I, Fig. 2). The effect was most pronounced at 
subconfluent densities (Fig. 2). 

Using normalization (i.e., to 1 mg cell protein 
per dish), ten different experiments were carried 
out with compactin added at a concentration of 20 
pmol/l. In all experiments both cell association of 


Log of ng cholesterol/mg cell protein 





25 30 35 
Log of p9 cell protein/dish 


Fig 2 Effect of compactin on chylomicron remnant cell as- 
sociation. The basal conditions were the same as described in 
Fig. 1. Also the same amount — 300 ng — of labeled remnant 
cholesterol was added per dish for the final 4 h of the experi- 
ment. Open circles (O) symbolize dishes without compactin 
and black circles (@) dishes with 20 pmol/l compactin present. 
Incubations included compactin during the whole experiment 
Compactin elevated cell association from 28 8+3 3 (S.D.) (n = 
9) ng/mg (normalized) to 43.5+6 0 (n = 6) ng/mg (i.e +51%, 
P < 0.001). The corresponding values for hydrolysis of 
cholesteryl-ester were 13042.6 ng/mg (n=9) to 163422 
(n = 6) ng/mg (ie, +20%, P < 0.05). Each point represents 
one dish. 
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Fig 3. Effect of different concentrations of compactin on (A) 
cell association of remnant cholesteryl ester plus cholesterol 
and (B) hydrolysis of remnant cholesteryl ester ın cultured rat 
hepatocytes. The basal conditions are those described in Fig 2, 
Cells were incubated 48 h with 0, 0.2, 2.0 and 20.0 pmol/l 
compactin. The range of pg cell protein per dish was 163-1763. 
Each bar represents the mean value+5.D from 6-10 normal- 
ized values, i.e., corresponding to 1 mg cell protein per dish. 


EFFECT OF COMPACTIN ON REMNANT UPTAKE AND HYDROLYSIS 


The table shows the effect of 20 pmol compactin/1 on cell association of chylomicron remnant cholesteryl ester plus cholesterol and 
hydrolysis of cholesteryl ester in cultured rat hepatocytes. The amount of remnant cholesterol added per dish was 100-300 ng. Values 
represent the effect of compactin on the normalized values, 1.e., per 1 mg cell protein per dish from ten consecutive experiments. For 
all the experiments taken together the P values are less than 0.005 for both the effect on uptake and hydrolysis. 


Experiment Numbers of Range of Effect of compactin P less Effect of compactin P less 
number dishes pg cell on cell association than on hydrolysis than 
protein (%) (%) 
per dish 
1 16 270-1110 +36 001 +31 0.01 
2 18 132-1109 +82 0 001 +51 0.02 
3 20 300-1 830 +7 n.s. +26 0.01 
4 12 120-2 000 +16 n.s. +] n.s. 
5 20 225-1413 +51 0.001 +20 005 
6 16 104—1 404 +18 0.05 +14 n.s. 
7 18 94--1872 +32 0.05 +23 ns. 
8 16 187-1 544 +15 0.001 +13 0.02 
9 10 130-1240 +2 ns. +14 n.s. 
10 16 192-1048 +36 n.s. +10 n.s. 
Mean + SD: 30 +24 21+14 
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Fig. 4. Time-course for the effect of compactin on cell associa- 
tion (A) and hydrolysis (B) of chylomicron remnant cholesterol 
and cholesteryl ester by hepatocyte monolayers. Cells were 
plated at different densities. All the dishes were cultured for 48 
h before interruption. At different times before this — 4, 15, 27 
and 46 h — cells were incubated with 20 uM compactn. The 
added chylomicron remnants that contained 200 ng of labelled 
chylomicron remnant cholesteryl ester were incubated with 
cells for the last 4 h, Each point represents the difference 
between the means of four dishes preincubated with 20 u mol/l 
compactin and four dishes without compactin For each dish 
uptake and hydrolysis has been normalized to 1 mg cell protein 
per dish. The range of pg cell protein per dish in the experi- 
ment was 208-1326, 


TABLE I 


chylomicron remnant cholesterol and cholesteryl 
ester and hydrolysis of chylomicron remnant 
cholesteryl ester increased (Table TD, although the 
increase caused by compactin varied between indi- 
vidual experiments. Cell association increased 
2-82% with a mean of 30% + 24% (+S.D.). The 
increase was Statistically significant (P < 0.005). 
Hydrolysis of chylomicron cholesteryl-ester in- 
creased 1-56% with a mean of 21% + 14% (S.D)). 
The increase in hydrolysis was also statistically 
significant (P < 0.005). The effect of compactin 
was also dose-dependent when compactin con- 
centrations varying between 0.2 and 20 umol/l 
were compared (Fig. 3). Fig. 4 shows the effect of 
preincubation time with compactin on chylo- 
micron remnant cell association and hydrolysis. 
Cell association of chylomicron remnant 
cholesterol and cholesteryl ester and hydrolysis of 
chylomicron remnant cholesteryl ester increased 
with preincubation time. l 
Incubations with 10 mmol/l of mevalonic acid 
gave a suppression of chylomicron remnant cell 
association and hydrolysis (Fig. 5 and Table ID. 
In order to see if cell-density-dependent uptake of 
chylomicron remnants also occurred in the pres- 
ence of mevalonic acid, cells were planted at vary- 
ing densities (65-1240 ug protein / dish) ~ without 
and with 10 mmol/l mevalonic acid. Normaliza- 
tion was carried out in regard to cell mass as 
described in Fig. 1. The two resulting lines were 
essentially parallel, indicating the same cell-den- 
sity-dependence without and with mevalonic acid. 


THE EFFECT OF MEVALONIC ACID ON CHYLOMICRON REMNANT UPTAKE AND HYDROLYSIS 


Expt. 1 ıs descnbed in the legend to Fig. 5. Expts. 2 and 3 were done essentially the same way. All the values are in % of controls 
(without mevalonic acid) + S.D. Each observation is based on normalized values (1 e., to 1 mg cell protein per dish) from 2-4 dishes. 
The range of yg cell protein per dish was for experiments 1, 2 and 3: 577-887, 356-757 and 406-868, respectively. 





Mevalonic acid Uptake (% control) Hydrolysis (% control) 
(mmol per I) Expt No. 1 2 3 1 2 3 
0.0 (control) 10045 100 +6 100414 100+ 8 100+10 100+ 3 
0.3 ~~ ~ 120427 - — 96417 
1.0 5T 4 — ~ 38411 me — 
3.0 44+ 5 - 86+16 154 2 — 48415 
10.0 50+13 5444 79417 21+10 44+10 54412 
30.0 49+ 2 - - 154 3 ~ — 
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Fig. 5. Effect of mevalonic acid on metabolism of chylomicron 
remnant cholesteryl ester in cultured rat hepatocyte mono- 
layers The basal conditions are described in Fig. 2. During the 
48 h of the experiment the cells were incubated with varying 
concentrations of mevalonic acid: 0, 03, 1, 3, 10 and 30 
mmol/I. For the last 4 h the cells were incubated with 300 ng 
remnant cholesterol. Dishes were arranged in five groups (four 
dishes ın each) containing different‘concentrations of mevalonic 
acid. The protem contents in the dishes were kept as constant 
as possible, (Protein content around 750 pg per dish, range 
577-887 ug.) (A) Effect of mevalonic acid on chylomicron 
remnant cell association; (B) effect on chylomicron remnant 
hydrolysis 


Discussion 


The present study demonstrates that the 
chylomicron remnant uptake in hepatocyte mono- 
layer cultures is influenced by cell density in a 
similar way as the uptake of LDL, i.e., the uptake 
per mg cell protein varies inversely with cell den- 
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sity [17]. In addition, the uptake can be induced 
with the 3-hydroxy-3-methylglutaryl-CoA-reduc- 
tase inhibitor compactin to about the ‘same extent 
as the uptake of LDL, and suppressed by adding 
mevalonic acid (Fig. 5), which forces the 
cholesterol synthesis in the cells by supplying an 
intermediary of the cholesterol synthesis beyond 
the rate-limiting step [23]. In hepatocytes cultured 
in lipoprotein-deficient serum the regulation of 
the chylomicron remnant uptake is thus in- 
fluenced by factors known to regulate the apoli- 
poprotein-BE receptor, i.e., cell density and the 
cholesterol content of the cell. Since in other cell 
types apolipoprotein-E-containing lipoprotein 
particles bind avidly to the apolipoprotein-BE re- 
ceptor [18,19], one possible interpretation of the 
data would be that a significant part of the re- 
mnant uptake in hepatocyte monolayer cultures 
may occur by the apolipoprotein-BE receptor un- 
der the conditions used. If this is so, hepatocyte 
monolayers cultured at low cell densities in the 
presence of lipoprotein-deficient serum may pro- 
vide a convenient model system for further studies 
of the interaction between remnant particles and 
the hepatic B,E-receptor. Further studies are, how- 
ever, necessary to test the possibility that the 
apolipoprotein E recpetor may also be influenced 
by cell density and factors that regulate the cellu- 
lar cholesterol content of the hepatocytes, al- 
though evidence for this is so far lacking in vivo. 

The mechanism behind the effect of cell density 
on the uptake of LDL and chylomicron remnants 
is not clear. A similar cell density dependence of 
the LDL uptake has been demonstrated in cul- 
tures of fibroblasts and endothelial cells [30—32]. 

In a variety of mammalian cell lines cell density 
has been shown to have other effects on lipid 
metabolism. For example 3-hydroxy-3-methyl- 
glutaryl-CoA reductase increases at low cell densi- 
ties [33-35] and the rate of cholesterol esterifica- 
tion changes [35-36]. Since dividing cells have 
more LDL-receptors than quiescent cells [37], this 
effect has been ascribed to an effect on cell pro- 
liferation. Rat hepatocyte monolayers are, how- 
ever, non-proliferating primary cultures in which 
other causes may thus operate. 

In summary, the study thus demonstrates a 
cell-density dependence of chylomicron remnant 
uptake in non-proliferating hepatocyte mono- 
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layers that may be influenced by factors effecting 
the cholesterol supply to the cells. This model 
system can be used for further studies of the 
hormonal and metabolic control of the remnant 
uptake via different receptor types. 
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Controversy exists regarding the mechanisms by which 1,25-dihydroxycholecalciferol (1,25(OH, )D,) alters 
membrane lipid composition and ion transport. Recent studies have demonstrated stimulation of the transfer 
of 1-acyl-2-(V-4-nitrobenz-2-0xa-1,3-diazole)aminocaproylphosphatidylcholine (NBD-PC) by 1,25(OH), D}. 
In the present studies, brush border membrane vesicle phosphatidylcholine content was increased after 
incubation with liposomes composed of dioleoylphosphatidylcholine or {-linoleyl, y-palmitoyl phosphati- 
dylcholine and 1,25(OH),D, (10-7 M). Vesicular phosphatidylcholine content was increased from control 
levels of 49.5 pg /mg protein to 56.9 and 58.5, respectively, after treatment with the liposomes containing 
1,25(OH), D,, P < 0.05. When the vesicles were incubated with liposomes composed of §-linoleyl, y-palmitoyl 
phosphafidylcholine, phosphate transport was stimulated from 231 + 20 to 431 + 41 pmol /mg protein per 15 
s in the presence of 1,25(O0H),D, if the vesicles were derived from vitamin D deficient rats and from 
443 + 33 to 601 + 42 pmol /mg protein per 15 s if the vesicles were prepared from normal rats. Despite 
phosphatidylcholine transfer, incubation with liposomes composed of dioleoylphosphatidylcholine and 
1,25(OH), D, did not stimulate phosphate transport. Furthermore, incubation of vesicles with liposomes and 
1,25(OH), D, did not alter glucose transport. 


Introduction 


Current evidence suggests that the mechanism 
of action of several hormones may be mediated 
through alterations in membrane lipid composi- 
tion [1-4]. Both membrane phosphatidylcholine 


Abbreviations: 1,25(0H).D3, 1,25-dihydroxycholecalciferol; 
NBD-PC, 1-acyl-2-( N-4-nitrobenz-2-oxa-1,3-diazole)amino- 
caproylphosphatidylcholine, BBMV, brush-border membrane 
vesicles; Mes, 4-morpholineethanesulfonic acid; DOPC, di- 
oleoylphosphatidylcholine, P,, inorganic phosphate; PC, phos- 
phatidyicholine. 


Correspondence: Dr. Keith A Hruska, Renal Division, Jewish 
Hospital of St. Lous, 216 South Kingshighway, St. Louis, MO 
63110, U.S A. 


(PC) content and its degree of fatty acid unsatura- 
tion are decreased in renal proximal tubular and 
duodenal brush border membranes by vitamin D 
deficiency. This is reversed by physiologic reple- 
tion of 1,25-dihydroxycholecalciferol (1,25- 
(OH), D,) [5,6]. In both the intestine [6,7] and the 
kidney [8], indirect evidence suggests that these 
lipid changes may be important in stimulating 
calcium and phosphate transport. Recent studies 
using fluorescent phospholipid derivatives demon- 
strate that 1,25(0H),D, rapidly and directly 
stimulates the transfer of PC from lipposomes to 
renal brush border membrane vesicles [9,10]. The 
following studies were performed to investigate 
the effects of 1,25(0H).D, stimulated phospholi- 
pid transfer on phosphate transport. 


0005-2760 /87 /$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division) 


82. 
Methods 


Preparation of brush-border membrane vesicles 
(BBMV). Renal RBMV were prepared from either 
normal or vitamin D deficient rats by a technique 
of divalent cation precipitation and differential 
centrifugation. Detailed discussions of the model 
of vitamin D deficiency, and the preparation and 
characterization of the BBMV have been pub- 
lished [5,11]. The final vesicle preparation was 
suspended in 150 mM KCl, 2 mM 4-morpholine- 
ethanesulfonic acid-2 amino-2-hydroxymethyl 
propane-1,3-diol (Mes-Tris) (pH 7.5) and in- 
cubated with various liposome preparations as 
detailed below. 

Preparation of liposomes. Small unilamellar 
liposomes, 25—75 nm in diameter, were prepared 
by a method of bath sonication and ultracentrifu- 
gation [10]. The liposomes were composed of di- 
oleoylphosphatidylcholine (DOPC) or -linoleyl, 
y-palmitoyl phosphatidylicholine (-linoleic-PC) 
with or without 1,25(0H),D, at specified con- 
centrations. Scanning electron micrographs and 
chromatogrpahic elution patterns of the liposomes 
were the same and independent of hormone or 
phospholipid composition. 

Modification of BBMV lipid composition. Fol- 
lowing their preparation, liposomes (50 pg 
lipid/ml) and BBMV (1 mg vesicle protein/ml), 
were incubated together and subsequently used 
for either analysis and quantitation of vesicle lipids 
or for transport studies. 

Quantitation of vesicle lipids. Vesicle phos- 
pholipid content was analyzed following their in- 
cubation with liposomes composed of either DOPC 
or f-linoleic-OC and various concentrations of 
1,25(OH),D,. Following a 1 h incubation at 0°C 
the vesicles were pelleted by centrifugation (35 000 
Xg), the supernatant (free liposomes) discarded, 
and the pellet washed two more times. The pellets 
containing vesicle lipid were extracted by the 
method of Bligh and Dyer [12], beginning with 
chloroform/ methanol/0.1 M HCl (1:2:0.8). 
Lipid extracts were analyzed by chromatography 
on Silica Gel 60 thin-layer plates (E. Merck, 
Darmstadt, F.R.G.) using a chloroform/meth- 
anol/ 28% ammonium hydroxide (65 : 35: 5) 
solvent system along with appropriate standards 
[10]. The phosphatidylcholine spot was scraped 


and re-extracted with chloroform/ methanol/ 
water (1:2:0.8). Extracted phosphatidylcholine 
was dried, reconstituted, and quantitated using a 
phosphate assay [13]. 

Transport studies. Following incubation with 
various liposome preparations for 30 min at 0°C, 
the vesicles were seprated by centrifugation 
(35 000 xX g for 10 min) and resuspended in 150 
mM KCl/2 mM Mes-Tris (pH 7.5) to achieve a 
final protein concentration of 10-20 wg/pl. The 
preparation was aliquoted into individual test 
tubes and used for transport studies as previously 
described [11]. BBMV were premcubated for one 
minute at 30°C following which a solution com- 
posed of 150 mM sodium chloride, 5 mM Mes-Tris 
(pH 7.5) and 31 uM phosphate (°P, 25-10° 
cpm/ml) was added to initiate phosphate trans- ` 
port. Transport was studied at 15 s, 1 min and 90 
min (steady state) of incubation and stopped using 
an ice-cold solution composed of 150 mM sodium 
chloride /5 mM Mes-Tris (pH 6.5)/5 mM arsenate. 
Values for nonspecific retention of radioactivity 
on the filters were subtracted from the values 
obtained with vesicle samples. All points were 
carried out in triplicate and uptakes expressed in 
pmol/mg protein. 

Glucose transport was performed using a solu- 
tion of 150 mM sodium chloride/5 mM Mes-Tris 
(pH 6.5)/50 uM glucose, (p-[2-? H(N)]glucose). 
Glucose transport was also measured at 15 s, 1 
min and 90 min of incubation and stopped with a 
solution of ice-cold 150 mM sodium chloride/5 
mM Mes-Tris (pH 6.5). 

Materials. Vitamin D metabolites were a gift 
from Hoffman-LaRoche (Nutley, New Jersey). 
Other chemicals were of the highest purity availa- 
ble for commercial sources. All solutions were 
filtered through a 0.45 um Millipore filter on the 
day of the experiment. 

Analytical methods. The Student’s t-test for 
non-paired data was used for comparisons be- 
tween groups when the BBMV were derived from 
different animals. For comparison of results using 
BBMV preparations from the same animals, a 
paired t-test was used. 


Results 


Quantitation of BBMV PC content 
The results of incubating BBMV derived from 


TABLE I 


PHOSPHATIDYLCHOLINE CONTENT OF BBMV PRE- 
PARED FROM VITAMIN-D-DEFICIENT RATS FOL- 
LOWING INCUBATION WITH LIPOSOMES 


Liposomes composed of either DOPC or B-linoleic-PC with or 
without 1,25(OH),D3 at the specified concentrations were 
incubated with BBMV prepared from vitamin-D-deficient rats 
for 1 h at 0°C. The vesicle phospholipids were extracted and 
quantitated as described in the Methods 


Vesicle PC content 


(ag/mg prpotein) 
Control 49.54 2.3 
(N =10) 
DOPC +1077 M 1,25(0H), D; 56.9+ 2.3? 
(N=7) 
DOPC +107! M 49.5+ 5.2 
(N = 3) 
B-linolerc-PC +1077 M 58.5+ 3.23 
(N = 3) 
B-linoleic-PC +107"! M 48.84 3.4 
(N= 5) 
B-linoleic-PC +10'* M 45.5+11 
(N = 3) 


a D> D7; P<005. 


vitamin-D-deficient rats with various liposome 
preparations and quantitating their phosphati- 
dylcholine content are shown in Table I. Control 
BBMV were vesicles not incubated with lipo- 
somes. Following incubation of BBMV with lipo- 
somes composed of 107’ M 1,25(0H),D, and 
DOPC, the vesicle PC content increased from 
49.5+2.3 pg/ml protein to 56.942.3 pg/mg 
protein. When the liposomes were. composed of 
B-linoleic-PC and 1,25(OH),D, (1077 M), the 
vesicle PC content was increased similarly to 
58.5 +3.2 ug/mg protein. Concentrations of 1,25 
(OH),D, of 107" M and below did not affect the 
vesicle PC content regardless of the liposome lipid 
composition. In a separate set of experiments, an 
intermediate level of 1,25(OH),D, (107? M) 
incorporated into the DOPC liposomes increased 
PC content of BBMV after incubation to 51.4 + 3.0 
pg/mg protein, and to 54.6 with B-linoleic-PC 
liposomes, N = 3 and N = 2, respectively. 


Phosphate transport 

Na*-dependent phosphate (P,) transport in 
BBMV prepared from both vitamin D deficient 
and normal rats was studied following incubation 
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TABLE II 


EFFECT OF 1,25(0H),D, STIMULATED PC TRANSFER 
FROM LIPOSOMES TO VITAMIN-D-DEFICIENT RAT 
RENAL BRUSH-BORDER MEMBRANE VESICLES 


Liposomes composed of either DOPC or B-linoleic-PC with or 
without 107? M 1,25(OH),D, were prepared and incubated 
with BBMV from vitamin-D-deficient rats for 30 min at 0°C. 
Phosphate transport was measured as described ın the Meth- 
ods. Data are expressed as mean + SE, N = 6 ın each group 


15s 90 min 
Control 287 +31 183 +25 
DOPC 289 + 33 271429 
DOPC + 1,25(0H)2 D; 290 + 39 225 + 26 
B-Linoleic-PC 231 +20 18019 
8-hnoleic-PC + 1,25(OH) ,D, 431+41 ° 217+50 


* Greater than control, P < 005. 


with liposomes of specified compositions. Table I 
demonstrates that Na*‘-dependent phosphate 
transport at 15 s of incubation was stimulated in 
BBMV prepared from vitamin-D-deficient rat kid- 
neys following incubation with liposomes consist- 
ing of B-linoleic-PC and 1,25(OH),D,. P, uptake 
in BBMV was increased from 231 + 20 to 431 + 41 
pmol/mg protein per 15 s. when the £-linoleic-PC 
liposomes included 1077 M 1,25(OH),D,. Phos- 
phate transport was not stimulated if the lipo- 
somes were composed of DOPC in the presence or 
absence of 1,25(OH),D, or £-linoleic-PC without 
1,25(0H),D,. Uptakes of P, at 90 min, repre- 


TABLE III 


P, TRANSPORT EFFECTS OF 1,25(OH),D, STIMU- 
LATED PC TRANSFER FROM LIPOSOMES TO NOR- 
MAL RAT RENAL BRUSH-BORDER MEMBRANE 
VESICLES 


Liposomes composed of f-linoleic-PC with or without 
1,25(OH),D, at the specified concentrations were incubated 
with BBMV derived from normal rats for 30 min at 0°C. 
Phosphate transport was measured as described in the Meth- 
ods. Data are expressed as mean+SE, N = 6 in each group 


15s 90 min 
Control 443 +33 249 +45 
B-linoleic-PC 431+41 234+ 63 
B-lhnoleic-PC +1077 M 601 +42 ° 317 + 86 
B-linoleic-PC +107"! M 406 +42 178 +22 
B-lnoleic-PC +107 ‘* M 463 +45 193 +37 


^ Greater than other groups, P < 0 02. 
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senting the steady state, were not different be- 
tween groups. 

Phosphate transport was also stimulated fol- 
lowing incubation with liposomes of 8-linoleic-PC 
and 1,25(OH),D, (10~’ M) when the BBMV were 
prepared from normal rats. P, uptake was increased 
from 443 + 33 to 601+ 42 pmol/mg protein per 
15 s (Table IIT). Incubation with liposomes without 
1,25(OH),D,, or those containing 107" M or 
10714 M 1,25(OH),D, did not exhibit stimulation 
of phosphate transport. Steady-state phosphate 
uptakes were again unchanged between groups. In 
separate experiments, inclusion of an intermediate 
level of 1,25(0H),D, in the f-linoleic-PC lipo- 
somes increased P; transport to 575 + 80 pmol/mg 
protein from a control value of 410 pmol/mg 
protein. 

Na*-dependent P, uptake was significantly less 
in BBMV from kidneys of vitamin-D-deficient 
rats compared to normal rats (compare control 
studies in Tables II and III). The degree of stimu- 
lation by 1,25(O0H),D, incorporated into f-lino- 
leic-PC liposomes was greater in BBMV from 
vitamin D deficient rat kidneys (150% vs. 135%) 
and developed in association with increased BBMV 
B-linoleic-PC only (Table I). The relatively greater 
stimulation of P, transport in BBMV from vitamin 
D deficient animals by 1,25(0H),D, compared to 
the stimulation seen in BBMV from normal rats 
agrees with our previous reports [10,11]. The de- 


TABLE IV 


Na-DEPENDENT GLUCOSE UPTAKE INTO BBMV-PRE- 
PARED FROM VITAMIN-D-DEFICIENT RATS 


Liposomes composed of A-linoleic-PC+1,25(O0H),D, (1077 
M) were incubated with BBMV prepared from vitamin-D-defi- 
cient rats for 30 min at 0°C. The vesicles were isolated and 
used for glucose transport as described in the Methods 


pmol/mg protein N 
15s 1 min 90 min 
Control vesicles 121419 296+50 76+16 3 
Liposome 
incubations 
B-linoleic-PC 1144+23 236+37 7448 3 
B-linoleic-PC + 
1,25(0H)- D; 
(1077 M) 115413 272442 56+11 3 


pendency on unsaturated fatty acid of P, transport 
stimulation requires further analysis of the 
specificity for individual fatty acids. 


Glucose transport 

Sodium-dependent glucose transport was 
studied into BBMV from both normal and vita- 
min D deficient rats (Table IV). Uptake at 15 s of 
incubation was 114+ 23 pmol/mg protein using 
BBMV derived from vitamin-D-deficient animals, 
and 115 +13 pmol/mg protein when the vesicles 
were pre-incubated with liposomes composed of 
B-linoleic-PC and 1,25(0H),D, (1077 M). Up- 
takes at 90 min of incubation (steady state) were 
also unchanged between groups. Glucose uptakes 
were similar when the BBMV were derived from 
normal animals and were not affected by incubai- 
tons with liposomes. 


Discussion 


Previous studies from this laboratory demon- 
strated an increase in PC of the renal brush border 
membranes, following 1,25(OH).D, treatment in 
vivo [5]. Partial mediation of this increase through 
facilitation of direct PC transfer to the BBM was 
suggested by recent studies [10]. The previous 
studies were performed using both fluorescent 
phospholipid derivatives, and endogenous forms 
of PC. The structure of the fluorescent derivatives 
and their inherent property of spontaneous trans- 
fer are not physiologic. Thus, the current experi- 
ments were performed using liposomes composed 
of DOPC or f-linoleic-PC with or without 
1,25(0H),D,. The results confirm that 1,25- 
(OH). D, stimulated phospholipid transfer. In ad- 
dition, a quantitatively similar increase in total 
vesicle phosphatidylcholine content occurred 
whether the liposomes were composed of DOPC 
or f-linoleic-PC and 1,25(0H),D,. Thus, these 
data suggest that the 1,25(OH), D,-induced stimu- 
lation of lipid transfer, which may be mediated by 
a phospholipid-exchange protein, does not involve 
a structural specificity for chain length [14] or 
fatty acid desaturation. 

In order to relate the membrane phospholipid 
alterations to solute transport functions of the 
BBMV, Na*-dependent phosphate and glucose 
transport were studied. The results show that 


phosphate transport is stimulated into BBMV from 


- either normal or vitamin-D-deficient rats follow- 


ing incubation with liposomes composed of B-lino- 
leic-PC and 1,25(O0H),D, (1077 M). Transport 
was not stimulated if the liposomes were com- 
posed of a more saturated PC, despite a quantita- 
tively similar transfer of this species. 

The relationship of the above observations to 
the effects of 1,25(0H),D, on membrane phos- 
pholipid metabolism and P, transport remain un- 
clear. Further studies are required to understand 
the role of the sterol in phospholipid transfer, the 
dose dependency of the 1,25(0H).,D, effect, and 
the specificity of B-linoleic-PC. Previous studies in 
both the intestine [6] and kidney [5] have demon- 
strated an increase in membrane phosphati- 
dylcholine content and its degree of fatty acid 
unsaturation after in vivo 1,25(0H),D, adminis- 
tration. B-linoleic-PC was specifically chosen for 
these studies because it is increased following 
1,25(0H),D, treatment [5]. The stimulation of 
phosphate transport following an increase in 
membrane /-linoleic-PC content induced in vitro 
provides a functional mechanism by which 
1,25(0H),D, may act to alter ion transport. 

Physiologic concentrations of 1,25(0H),D, 
(1071! M) had no effect on either vesicle PC 
content or phosphate transport. However, the 
function of this process under different conditions 
may disclose enhanced sensitivity clarifying the 
potential biologic relevance of the observations 
reported here. In addition, intracellular compart- 
mentalized concentrations of 1,25(O0H),D, have 
not been measured. It is possible that they may be 
higher than serum levels in view of the fact that 
1,25(OH),D, is produced in renal proximal tubu- 
lar cells. . 
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Specificity for the effect of the 1,25(OH),D,- 
induced membrane lipid alterations on phosphate 
transport was shown by the data demonstrating 
that glucose transport is not altered by 1,25- 
(OH), D,-stimulated phospholipid exchange. 

In conclusion, these studies suggest that 
1,25(0H),D, may directly modify the cell mem- 
brane phosphatidylcholine composition and that a 
specific increase in membrane f-linoleic-PC con- 
tent results in a stimulation of sodium-dependent 
phosphate transport. 
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A procedure is described for the continuous monitoring and recording of fatty acid transport into cultured 
cells. Uptake of the fluorescent fatty acid derivative, 12-(1-pyrene)dodecanoic acid [P12] by a suspension of 
human promyelocytic leukemia (HL-60) cells was analyzed and recorded by the Fluorescence Activated Cell 
Sorter (FACS). A major advantage of the FACS is its ability for measuring the fluorescence of the cells 
only, without interference by that of the fatty acids dissolved or dispersed in the medium or complexed with 
serum albumin. The time-dependent fluorescence increase due to uptake of the acid by the cells could thus 
be monitored and recorded directly without a need for sedimenting, washing and extracting the cellular 
lipids. This procedure provided an accurate measurement of the kinetics of uptake of the fatty acid into the 
cells and permitted study of the effect of various parameters such as temperature, glucose, albumin or serum. 
The results indicated a biphasic uptake of P12 into the cells. The first, a rapid, energy-independent phase, 
lasted 3-4 min. This was followed by a slower uptake which was directly related to the metabolic utilization 
of the acid in the cells. This second phase represents the overall process of translocation across the cell 
membrane, activation to acyl coenzyme A and incorporation into the cellular neutral lipids and phospho- 
glycerides. When compared to HL-60, murine erythroleukemia (MEL) cells took up considerably lesser 
quantities of P12. This was utilized for setting up a model system, in which mixtures of these two respective 
cell types could be identified and separated from each other on the basis of their relative rates of uptake of 
the fluorescent fatty acid. 


Introduction ing, which defines cell size, and fluorescence in- 
tensity [1]. Cells can be rendered fluorescent by 


The fluorescence activated cell sorter (FACS) is conjugation with a fluorescent antibody or by 


employed for the analysis and sorting of cells 
according to two properties: forward light scatter- 


Abbreviations: P12, 12-(1-pyrene)dodecanoic acid; FACS, flu- 
orescence activated cell sorter; MEL, murine erythroleukemia 
cells; PBS, phosphate buffered saline 
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administration of fluorescent molecules into the 
membrane or cell interior. In previous reports 
from this laboratory, cultured cells were treated 
with several fluorescent derivatives of fatty acids. 
Following insertion into the plasma membrane, 
these compounds were translocated and incorpo- 
rated into cellular lipids [2], thereby imparting a 
considerable, fluorescence to the cells. Of several 
fluorescent fatty acids examined, 12-(1-pyrene) 
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dodecanoic acid (P12) was taken up and incorpo- 
rated into cellular lipids at rates similar to those 
observed using radioactively labelled palmitic acid 
[2]. Following incubation with fluorescent [2] or 
radioactive fatty acids [3], the cells were collected, 
washed extensively to remove excess fatty acid, 
the cellular lipids were extracted and their fluores- 
cence intensity measured in a spectrofluorometer. 
The extract was then chromatographed on col- 
umns of aluminum oxide for separation of the 
neutral lipids and phospholipids. 

We herewith report the use of the FACS for 
studying the uptake of fluorescent derivatives of 
fatty acids into suspensions of cultured cells. This 
method permitted continuous measurements of 
the association and uptake of the fatty acid by 
intact, living cells and obviated the necessity for 
separating and washing the cells and, most im- 
portant, the background fluorescence of disper- 
sions of the free acid or its complexes with serum 
albumin did not interfere with the measurements 
of fluorescence of the cells. | 

Using the FACS also permitted the identifica- 
tion, separation and reculture of mixed popula- 
tions of cells which differed in their relative up- 
take of the fluorescent fatty acid. Some of these 
results have been presented as a symposium report 


[4]. 
Materials and Methods 


Cells. The HL-60 cell line was originally estab- 
lished from the peripheral blood of a patient with 
acute promyelocytic leukemia [5] and the murine 
erythroleukemia (MEL, Friend) cell line was 
established from a Friend virus-infected leukemic 
mouse [6]. Either line was subcultured every 3—4 
days, in alpha minimal essential medium supple- 
mented with 10% fetal calf serum, and incubated 
at 37°C in a humidified atmosphere of 5% CO, in 
air. 

Preparation of P12-albumin complex. A solution 
of 12-(1-pyrene)dodecanoic acid (P12; Molecular 
Probes, Junction City, OR) in chloroform/ 
methanol (2 : 1 v/v) was evaporated under a stream 
of. nitrogen. Six to eight equivalents: of KOH in 
100-200 u! were added, and the tubes were heated 
for 10 min at 60°C with occasional stirring. Bovine 
serum albumin (fatty acid free, Sigma Chemical 
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Company, St. Louis, MO) in phosphate-buffered 
saline devoid of Ca** was added and the solution 
was incubated at 37°C for 30 min. The P12-al- 
bumin complex thus formed was stored at — 20°C 
and thawed immediately before use. 

Measurement of P12 uptake. 5-20 uM P12, 
dissolved in 1 ul] dimethylsulfoxide or alternatively 
complexed with serum albumin, was added to 
(1-2)-10° washed cells. The tube containing the 
cell suspension was immediately attached to the 
sample line of the FACS and maintained at con- 
stant temperature by a water-jacketed device. P12 
uptake was analyzed using the FACS-440 (Becton 
Dickinson FACS Systems, Sunnyvale, CA). P12 
fluorescence was excited by the combined UV 
lines (351 nm, 364 nm) at 30 mW power. An 
LP-420 dielectric filter was used to exclude 
scattered laser light from the fluorescence detec- 
tor. PMT voltage was set at 420 V. Cells were 
passed at a rate of approximately 1000 cells per s 
through an 80 nm nozzle, using phosphate-buffered 
saline as the sheath fluid. Light scatter and fluo- 
rescence of about 5000 cells were analyzed at 
various time intervals and the resulting histograms 
of cell distribution as a function of fluorescence 
intensity were stored in the computer memory. 
The mean relative fluorescence intensity of the 
population at each time point, expressed as the 
channel number of the fluorescence at the peak of 
the histogram, was obtained by a curve-fitting 
algorithm of the FACS computer. Each experi- 
ment was repeated at least three times and in each 
individual case the variability did not exceed 10%. 


Results 


Uptake of P12 by HL-60 cells 

Fig. 1 shows results of five consecutive FACS 
measurements of the association of P12 with HL- 
60 cells over a period of 12 min. From 5000 
single-cell data accumulated at each time point, 
the FACS computer constructed a pair of histo- 
grams, showing the distribution of cells according 
to their forward light scatter and fluorescence 
intensities, respectively. The five light scatter 
histograms coincided (Fig. 1A), indicating that cell 
size was maintained during the entire incubation 
period. The symmetric, Gaussian-type shape of 
the histograms suggested that the HL-60 indeed 
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Fig, 1. FACS analysis of the time-dependent uptake of P12 by 
HL-60 cells 20 nmol P12, complexed with 10 nmol bovine 
serum albumin, were added to 1 ml phosphate-buffered saline 
contaimng 10° HL-60 cells, and the distnbution of cells 
according to the forward light scatter (A) and fluorescence (B) 
were recorded. Incubation times. 1.2 min (a), 30 min (b), 5.0 
min (c), 8.5 min (d) and 12.0 mun (e). Fig. C presents the data 
of Fig. B as a kinetic curve representing the mean fluorescence 
of the population as a function of incubation time. Light 
scatter did not change with time. 


consisted of a single cell species. The. width of the 
histograms reflected the natural diversity of cell 
size among the unsynchronized HL-60 population. 

Fig. 1B shows that the fluorescence histograms 
shifted with time from low (left edge of the figure) 
towards gradually increasing fluorescence intensi- 
ties, representing an increasing time-dependent as- 
sociation of the fatty acid with the cells. Since the 
fluorescence histograms were also approximately 
symmetrical, the distance from the origin (‘chan- 
nel number’) of the histogram peak at each time 
point was considered as representing the mean 
relative fluorescence intensity of the entire cell 
population at the respective incubation time. These 
respective values were recorded as a function of 
time and provided the kinetics of fatty acid uptake 
by the HL-60 cells (Fig. 1C). This curve, which 
relates the relative fluorescence of the population 
to the time of incubation, was biphasic. The first 
rapid phase lasted about 4 min and was followed 
by a second slower phase. This pattern (see also 
Figs. 2 and 3) is similar to that observed in 
previous experiments in which P12 uptake was 
analyzed by spectrofluorometry following extrac- 
tion of cell lipids [2]. 


Parameters affecting the time-dependent uptake of 
P12 

The FACS was used to delineate several param- 
eters affecting the uptake of P12 by HL-60 cells 
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Fig. 2. FACS analysis of parameters controlling P12 uptake by 
HL-60 cells. Conditions were as follows. (A) 20 nmol P12 in 2 
pl dimethyl sulfoxide were added to 10° HL-60 cells in 1 ml of 
medium containing 10% fetal calf serum (FCS), and the tem- 
perature was maintained as shown in the figure. (B) 20 nmol 
P12 were complexed with 20 nmol bovine serum albumin and 
added to HL-60 cells in 1 ml phosphate-buffered saline, without 
(O) or with (@) 5 mM glucose. (C) 20 nmol P12 in dimethyl 
sulfoxide were added to HL-60 cells suspended in 1 ml phos- 
phate-buffered saline without or with 10% fetal calf serum (D) 
20 nmol P12 were complexed with bovine serum albumin at 
the indicated concentrations and added to cells in 1 ml each of 
phosphate-buffered saline. 


(Fig. 2). Fig. 2A shows the effect of temperature. 
At 4°C there was little association of P12 with the 
cells; at 22 or 37°C, higher rates of uptake were 
observed. Fig. 2B shows that addition of 5 mM 
glucose had little effect on the first phase but 
increased the rate of uptake of P12 in the second 
phase. Increasing the glucose concentration to 10 
mM did not cause any further increase in P12 
uptake (data not shown). Fig. 2C and D shows the 
effects of fetal calf serum and bovine serum al- 
bumin, respectively, on the rates of uptake of P12. 
Similar to previous findings [3], the rates of associ- 
ation of the acid with the cells were considerably 
reduced when compared to those observed in the 
absence of serum or albumin. This is most prob- 
ably due to competition by albumin with the cell 
surface for molecules of free fatty acid. Fig. 3 
shows the time-dependent uptake of increasing 
concentrations of P12, complexed to serum al- 
bumin in 1:1 (M/M) ratio. The biphasic shapes 
of the respective curves were retained, but the 
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Fig. 3. The effect of increasing concentrations of P12 com- 
plexed to albumin on uptake by the HL-60 cells. A P12-al- 
bumin complex at a ratio of 1.1 (M/M) was prepared and 
added to washed cells suspended in 1 ml phosphate-buffered 
saline to final concentrations of 5 uM (4), 10 uM (@), 20 uM 
(©), 40 pM (V) and 100 uM (@), respectively. The values of 
the channel number at maximum fluorescence were plotted as 
a function of the incubation time In the inset, the values of 
fluorescence obtained at various concentrations of the P12-al- 
bumin complex, at 10 min incubation, were plotted against the 
concentration of P12 


relative rates of uptake of the acid increased with 
increasing concentration of the P12-albumin com- 
plex (see inset to Fig. 3). 


Analysis and sorting of a mixed population of Friend 
and HL-60 cells 

Friend cells take up considerably lesser quanti- 
ties of P12 relative to HL-60 cells [4]. This was 
utilized for separating a mixture of Friend and 
HL-60 cells into their individual components; this 
system was employed as a model for possible 
similar experiments using natural cell mixtures. 

Fig. 4 shows the distribution of size and fluo- 
rescence in a mixed population of Friend and 
HL-60 cells and demonstrates (A, C) the consider- 
able differences in uptake of P12 as reflected by 
the fluorescence intensities of these respective two 
cell lines. Fig. 4B and D shows that the FACS 
could be used for separating and collecting each of 
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Fig. 4. FACS analysis and sorting of a mixture of HL-60 and 
MEL (Friend) cells A mixture of HL-60 and mEL cells was 
incubated for 5 h with 20 M P12 complexed with bovine serum 
albumin (1:1 molar ratio) in phosphate-buffered saline. The 
distribution of cells according to fluorescence and cell size was 
recorded as a two-parameter correlated dot plot. In panels A 
and C, two distinct subpopulations are evident Sorting accord- 
ing to the gatings presented in A or C produced populations 
which are presented in panels B and D, respectively. Morpho- 
logical examination of cells in panel B showed mostly HL-60 
cells, while the population presented in panel D consisted 
mostly of MEL cells. Dots in the lower left corners of the 
panels represent damaged cells and cell debris 


these respective species (i.c., HL-60 or Friend cells 
in Fig. 4B and D, respectively). 


Discussion 


The uptake of fatty acids and their incorpora- 
tion into cellular lipids has been extensively studied 
[2,3,7—12]. Most of these studies employed radio- 
actively labelled fatty acids [3,7—12]. Reports from 
this laboratory have shown that fluorescent de- 
rivatives of fatty acids could be used to study the 
uptake and metabolism of fatty acids by cultured 
cells [2,3]. 

In this paper we describe a novel procedure for 
measuring the time-dependent uptake of fluo- 
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rescent derivatives of fatty acids, utilizing the abil- 
ity of the FACS to measure the fluorescence inten- 
sities of individual cells. The fluorescence back- 
ground of fatty acid molecules, micelles or com- 
plexes with serum albumin did not interfere and 
only fluorescence associated with the cells was 
actually measured and recorded by the FACS. The 
high sensitivity of the FACS for cell fluorescence 
permits utilization of the instrument for recording 
rates of fatty acid uptake starting 30 s after expos- 
ing the cells to the fluorescent acid. This was the 
time required for mixing the suspension, transfer- 
ing the tube to the FACS and for the cells to 
travel through the sample line to ‘the point of 
excitation and detection of fluorescence. This time 
lag could be shortened by introducing the fatty 
acid directly into a cell suspension already at- 
tached to the instrument, and by maximally shor- 
tening the FACS line to the nozzle. 

Since the FACS recorded only the cell-bound 
fluorescence, it obviated the need for washing and 
extracting the cells before analysis. One further 
advantage was the continuous monitoring of cell- 
associated fluorescence, coupled to computer-as- 
sisted analysis of the uptake kinetics. Changes of 
cell size, granularity or integrity could be recorded 
in the course of the experiment, since they would 
affect the 90° light scattering properties of the 
cells [1,13]. Also, since the FACS measures fluo- 
rescence of individual cells, accurate data could be 
obtained using a relatively small number of cells. 
In this study each point of analysis represents the 
fluorescence of 5000 cells. This should be com- 
pared to 100-1000-fold greater cell numbers used 
in other analytical procedures. Furthermore, each 
of the experimental data represents a histogram of 
the distribution of the cell population with respect 
to uptake of P12, compared with the mean value 
of numerous cells provided by other techniques. 
Also, each histogram provides information about 
the distribution of the cell population with regard 
to fatty acid uptake, permitting its separation into 
subpopulations differing in their ability to accu- 
mulate fatty acids. 

In the present study we used P12 as a repre- 
sentative fluorescent fatty acid, since it is taken up 
and incorporated into cellular lipids at a rate 
similar to that of the natural, palmitic acid [2]. 
However, this procedure could no doubt be ex- 


tended- for studying interaction of other fluo- 
rescent compounds with cells. Thus, we have fol- 
lowed the uptake of several fatty acids labelled 
with anthracene, e.g., 10-(9-anthracene)decanoic 
acid and N-acetyl-N-(9-methyleneanthracene)-12- 
aminododecanoic acid. The results (not shown) 
indicate that the uptake of the former acid provide 
a similar pattern to that of P12 with a somewhat 
lesser intensity, while the latter was taken up 
rapidly during the first phase, which lasted for 2 
min, but the second phase did not follow. These 
results concur with a previous report from this 
laboratory showing that the latter compound asso- 
ciated with the plasma membrane, but was not 
translocated or incorporated into cellular lipids 
[2]. 

It therefore seems reasonable to assume that 
for P12 the first phase represents association with 
and/or insertion into the plasma membrane of the 
cells, while the second phase represents the overall 
process of translocation, activation to acyl CoA 
and incorporation into cellular lipids. Glucose had 
practically no effect on the first phase of the 
uptake of fatty acid, but increased the rate of 
uptake during the second phase. This suggested a 
dependence of the latter on glucose as a source of 
energy or for supplying glycerol 3-phosphate for 
synthesis of phospholipids and triacylglycerols. 
The inhibition of the fatty acid uptake by serum 
or albumin is probably the consequence of compe- 
tition for the fatty acid, by this protein and the 
cell membrane. This suggests that the free molecu- 
lar form of the fatty acid is the species interacting 
with the cell surface, as previously suggested by 
several authors [7—10], rather than the fatty acid- 
albumin complex [12]. A parallel study of uptake 
of [}4C]palmitic acid by HL-60 cells using conven- 
tional techniques of radioactive analysis provided 
data very similar to those reported in this paper 
(unpublished data). This suggests that fluorescent 
derivatives of fatty acids could indeed be used as a 
reliable model for fatty acid transport and utiliza- 
tion. The direct measurements and accurate analy- 
sis provided by the FACS make this instrument a 
very useful tool for analyzing uptake of biological 
precursors suitably labeled with fluorescent probes. 

The experiments of Fig. 4 were set up as a 
model for using fluorescent derivatives of fatty 
acids for separating mixed populations of cells. 


For this purpose equal numbers of HL-60 and 
MEL cells were mixed and pulsed with P12. The 
differences in the uptake of P12 by these two 
respective cells permitted identification of the re- 
spective individual species, and their subsequent 
separation and recloning. We have recently utilized 
this procedure for identifying, quantifying and 
separating mixtures of normal and leukemic pe- 
ripheral blood cells (unpublished data). 
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Increase in hepatic low-density lipoprotein receptor activity during pregnancy 
in Watanabe heritable hyperlipidemic rabbits; 
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In homozygous Watanabe heritable hyperlipidemic (WHHL) rabbits, the serum cholesterol level and serum 
low-density lipoprotein (LDL) level decreased from 562+ 76 (mean + S.E.) to 144 +34 mg/dl and 
410 + 56 to 90+ 25 mg/dl, respectively, during pregnancy, although the LDL receptor in this rabbit is 
genetically deficient. When Tyroxapol, which inhibits the degradation of very-low-density lipoprotein 
(VLDL), as well as Triton WR-1339, was injected into WHHL rabbits, the rate of the increase in serum 
cholesterol level in pregnant rabbits was not statistically different from that in non-pregnant rabbits. This 
result implied that the secretion rate of VLDL-cholesterol, the precursor of LDL-cholesterol, did not 
decrease during pregnancy. The amount of '° I-labeled LDL bound to LDL receptor was increased 1.8-fold 
in normal rabbits (from 29.3 + 4.3 to 52.3 + 4.6 ng/mg protein) and 12-fold in WHHL rabbits (from 
0.5 + 0.2 to 6.0 + 0.7 ng /mg protein) during pregnancy. These results suggest that the decrease in serum 
cholesterol level in WHHL rabbits during pregnancy was associated with an increase in hepatic LDL 


receptor activity, which plays an important role in the regulation of serum cholesterol level. 


Introduction 


In the homozygous Watanabe heritable hyper- 
lipidemic (WHHL) rabbit, the amount of low-den- 
sity lipoprotein (LDL) bound to LDL receptor is 
under 5% of that in normal rabbits [1-3]. Since a 
deficiency of LDL receptors leads to an enhanced 
conversion of very-low-density lipoprotein 
(VLDL) to LDL [4], in the WHHL rabbit LDL 
accumulates in the plasma and the serum 


Abbreviations: VLDL, very-low-density lipoprotein(s); IDL, 
intermediate-density lipoprotein(s); LDL, low-density lipopro- 
tein(s); HDL, high-density ipoprotei(s) 
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Chuo-ku, Kobe 650, Japan. 


cholesterol level is 400 to 1000 mg/dl from birth 
[5,6]. As a result of this hypercholesterolemia, 
severe atherosclerosis spontaneously occurs in the 
aorta and coronary arteries from an early age 
[5,7,8] and consequently myocardial infarction oc- 
curs [9]. Since these findings are similar to those of 
familial hypercholesterolemia in humans, WHHL 
rabbits have been used for the study of lipid 
metabolism, atherosclerosis and so forth as the 
only animal model for human familial hyper- 
cholesterolemia. 

It is difficult to reduce the serum cholesterol 
level to normal when the LDL receptor is defi- 
cient. For the reduction of serum cholesterol level 
in WHHL rabbits, various hypolipidemic drugs 
[10,11], partial ileal bypass [12] and plasmaphere- 
sis [13] have been used with a consequent reduc- 
tion of the serum cholesterol level by 20-50%. 
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However, the serum cholesterol level in WHHL 
rabbits has been shown to decrease by about 75% 
during pregnancy without any of these treatments. 
A similar phenomenon has been observed in nor- 
mal rabbits and cholesterol-fed rabbits [14-17]. 
Although the secretion rate of VLDL [15] and the 
level of excretion of cholesterol into feces and 
urine [16] have been determined in both pregnant 
and non-pregnant rabbits in order to study the 
cause of this decrease in serum cholesterol level, 
no differences in these points have been noted 
between the two types of rabbit. In addition, the 
amount of cholesterol transfer from maternal 
plasma to fetuses has been shown to be less than 
that of cholesterol excretion into feces [16]. It has 
been reported that estrogen reduces the plasma 
cholesterol level in rats [18,19] and rabbits [20,21], 
and that the degradation of LDL in rats treated 
with estradiol is increased [22,23]. Since the serum 
estrogen level increases during pregnancy in many 
species, the decrease in serum cholesterol level in 
pregnant rabbits may be due to the action of 
estrogens. 

It is an interesting problem as to why the serum 
cholesterol level decreases during pregnancy in 
LDL-receptor-deficient WHHL rabbits. In the 
present study, we investigated the decrease in 
serum cholesterol level during pregnancy in 
WHHL rabbits, and observed an increase in the 
amount of LDL bound to hepatic LDL receptors 
in pregnant WHHL rabbits. 


Materials and Methods 


Materials. Sodium |'*Ijiodide (carrier-free in 
0.1 M NaOH) was purchased from the Radio- 
chemical Center (Amersham, U.K.). Tyroxapol 
and 17a-ethinylestradiol were purchased from 
Sigma Chemical Co. (St. Louis, MO, U.S.A.). 
Dowex 1-X8 was purchased from Dow Chemical 
Co. (Midland, MI, U.S.A.). Evans blue was 
purchased from Nakarai Chemical Co. (Tokyo, 
Japan). 

Animals. Female WHHL and normal rabbits 
(Japanese white rabbits) at the age of 8—14 months 
were used. WHHL rabbits were bred and raised at 
Kobe University and normal rabbits were 
purchased from Fukusaki Rabbit Center (Fuku- 
saki-cho, Hyogo Prefecture, Japan). The day of 
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mating was designated as day zero of pregnancy. 
The gestation period of WHHL rabbits is about 
31 days. Rabbits were individually housed in metal 
cages, fed a standard rabbit chow (Type GC-4: 
Oriental Yeast Co., Tokyo, Japan) at 120 g/day, 
and were given water ad libitum. Room tempera- 
ture was set at 224 2°C and relative humidity 
was set at 55+5%. The room was illuminated 
with fluorescent lamps and the photo period was 
set at 12 h. 

Fractionation of lipoprotems. Blood samples of 
WHHL rabbits were obtained from a marginal ear 
vein after 12 h overnight fasting at days 0, 7, 14, 
21 and 28 of pregnancy. Since each lipoprotein 
fraction prepared by Airfuge was contaminated by 
NaBr or KBr used for adjustment of serum den- 
sity, we used sucrose for this purpose. VLDL 
(containing intermediate-density lipoprotein 
(IDL)) (d<1.019), LDL (d 1.019-1.063) and 
high-density lipoprotein (HDL) (d > 1.063) were 
fractionated by ultracentrifugation using Airfuge 
(Beckman) with an 18° angle rotor (100000 x g 
for 3 h). Each lipoprotein fraction from WHHL 
rabbits (n = 12) prepared by Airfuge was com- 
pared with that by normal ultracentrifuge using 
Hitachi 65P Ultracentrifuge with RPS-56T rotor 
(Hitachi Co., Tokyo, Japan) according to the 
method of Hatch and Lees [33] (Fig. 1). The 
coefficient of correlation was 0.978 in the VLDL 
fraction, 0.980 in the LDL fraction, and 0.921 in 
the HDL fraction. The ratio of the lipoprotein 
cholesterol level by Airfuge to that by normal 
ultracentrifuge was 1.00 + 0.29 (n=12) (mean + 
S.E.) in the VLDL fraction, 1.01 + 0.03 in the 
LDL fraction, and 0.90 + 0.05 in the HDL frac- 
tion. These results suggest that our Airfuge method 
was available for fractionation of lipoproteins. 

Determination of plasma volume. Both non-preg- 
nant and pregnant (21 day) WHHL rabbits were 
used after 12 h overnight fasting. According to the 
method of Gregersen [25], 1 ml of a 0.1% aqueous 
solution of Evans blue was injected into a margi- 
nal ear vein. Blood samples were obtained before 
injection of dye solution and at 10 min after 
injection. The optical absorbance of serum was 
measured at 524 nm. 

Intravenous injection of tyroxapol. Both non- 
pregnant and pregnant (21-day) WHHL rabbits 
were used after 12 h overnight fasting. According 
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Fig 1 Correlation between lipoprotein cholesterol level prepared by Airfuge and that by normal ultracentrifuge Serum density was 
prepared with sucrose in the Airfuge method and with NaBr in normal ultracentrifuge according to the method of Hatch and Lees 
[24] A VLDL fraction containing IDL was prepared by the ultracentrifugation with density <1 019, an LDL fraction was prepared 
by the ultracentrifugation with density 1.019~1 063, and an HDL fraction was prepared by the ultracentrifugation with density 


>1 063. 


to the method of Hornick et al. [26], Tyroxapol, 
which is the same poly(ethylene glycol) as Triton 
WR-1339, at 200 mg/ml of 0.15 M NaCl was 
injected into a marginal ear vein at a dose of 400 
mg/kg of body weight. Blood samples were peri- 
odically obtained from a marginal ear vein. 

Radioiodination of LDL. Blood was obtained 
from a WHHL rabbit and plasma was prepared 
with the antagonist EDTA. LDL (d 1.03-1.05) 
was isolated by preparative ultracentrifugation 
with Hitachi RP-55P Ultracentrifuge with RP-40 
rotor (Hitachi Co., Tokyo, Japan) using NaBr for 
adjustment of plasma density [27]. This LDL frac- 
tion was recentrifuged with density 1.05 to clear 
the LDL of contaminating proteins such as al- 
bumin and HDL. LDL was radioiodinated with 
sodium [!**Ijiodide by the iodine monochloride 
method [28] and purified by ion-exchange with 
Dowex 1-X8. 

Binding of '*°I-labeled LDL to liver membrane. 
Non-pregnant and pregnant (21-day) normal rab- 
bits, and non-pregnant and pregnant (21-day) 
WHHL rabbits were used. According to the 
method of Kovanen et al. [22], hepatic membrane 
fractions were prepared by centrifugation (500 X g 
for 10 min, 8000 x g for 15 min and 100000 x g 
for 60 min). Then, according to the method of 
Kita et al. [2], assay of the binding of "I-labeled 
LDL to the membrane fractions was conducted in 


buffer (20 mM NaCi/0.63 mM CaCl,/50 mM 
Tris-HCl (pH 8.0) plus 20 mg bovine serum al- 
bumin per ml) containing about 150 pg of mem- 
brane protein and 3.0 pg/ml of 1? I-labeled LDL 
with 578 cpm/ng of specific activity in the ab- 
sence or presence of 5 mM EDTA and in the 
absence or presence of 280 pg/ml of unlabeled 
LDL. The reaction mixture was incubated for 60 
min in an ice/water bath at 0°C. After incuba- 
tion, the reaction mixture was ultracentrifuged at 
100000 x g for 20 min using an Airfuge with an 
18° angle rotor, and the radioactivity of the pellet 
was counted with Crystal Multi Detector Gamma 
System (Packard Instruments Co., Downersgrove, 
IL, U.S.A.). 

Administration of 17a-ethinylestradiol. 17a- 
Ethinylestradiol was dissolved in propylene glycol 
(5 mg/ml) at 37°C and administered daily to 
WHHL rabbits subcutaneously at a dose of 5 
mg/kg of body weight. 

Chemical assays. Serum cholesterol level was 
measured by the cholesterol-oxidase method 
(latrolipo TC kit: Iatron Laboratories, Inc., Tokyo, 
Japan), serum triacylglycerol level by the 
glycerol-oxidase methdo (Determiner TG kit: 
Kyowa Medex Co., Tokyo, Japan), serum phos- 
pholipid level by the choline-oxidase method 
(Phospholipids B-test kit: Wako Pure Chemical 
Ind., Osaka, Japan) and protein concentration by 


the method of Lowry et al. [30]. 

Statistical analysis. Data were analyzed by 
paired t-test for the mean of serum lipoprotein 
lipid levels during pregnancy, by Student’s t-tst 
for the means of others, and by analysis of covari- 
ance for the difference of the regression line. 


Results 


Lipoprotein lipid levels in WHHL rabbits during 
pregancy 

Fig. 2 shows each of the lipoprotein lipid levels 
in WHHL rabbits during pregnancy (n = 7). Serum 
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cholesterol level was 562 + 76 mg/dl before mat- 
ing and decreased to 145 + 19 mg/dl by day 28 of 
pregnancy (P < 0.001). The decrease in serum 
cholesterol level up to day 21 of pregnancy was 
due to that in the LDL-cholesterol level (from 
410 + 56 to 106 + 33 mg/dl (P < 0.001)) and that 
between day 21 of pregnancy and day 28 was due 
to that in the VLDL-cholesterol level (from 122 + 
27 to 4549 mg/dl (P<0.01)). The HDL- 
cholesterol level was 11.0 + 0.9 mg/dl before mat- 
ing and there were almost no changes during 
pregnancy. At 14 day after delivery, the serum 
cholesterol level reverted to about 84% in that 
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Fig. 2 Lipid levels ın each hpoprotein (@, total; @, VLDL containing IDL; O, LDL; ©, HDL) in WHHL rabbits during pregnancy 
Significantly different from values in before mating by paired t-test: P< 005 *, P<0.01 **, P< 0005 *** and P < 0.00] **** 
Error bars mean+S.E 
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TABLE I 


PLASMA VOLUME’ OF NON-PREGNANT AND PREGNANT WHHL RABBITS 


The plasma volume was determined by dye dilution method using Evans blue solution Each value is presented as mean + S.E 


Plasma volume 


Body weight 

(B) (kg) 
Non-pregnant (n= 5) 3.6+0.2 
Pregnant 21 days (n=5) 3.8+0,2 


P/B 
(P) (ml) (ml/kg) 
123412 34.4415 
184416 * 47.5427 ** 


Significant difference between non-pregnant and pregnant by Student’s t-test: * P < 005 and ** P< 001. 


before mating. The serum triacylglycerol level was 
284 + 37 mg/dl before mating, increased to 510 
+61 mg/dl (P < 0.005) by day 21 of pregnancy, 
and decreased to 159 +24 mg/dl (P < 0.005) by 
day 28 of pregnancy. This change in serum tri- 
acylglycerol level was due to that in the VLDL-tri- 
acylglycerol level. The change in phospholipid level 
was similar to that in cholesterol. There were 
hardly any changes in lipid levels of each lipopro- 
tein in sterile WHHL rabbits. 


Comparison of plasma volume in the pregnant state 
with that in the non-pregnant state 
As the plasma volume increased 1.4-fold during 
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pregnancy in normal rabbits [15], plasma volume 
was determined in both non-pregnant and preg- 
nant WHHL rabbits (Table I). Plasma volume for 
body weight was 47.5 +2.7 ml/kg in pregnant 
WHHL rabbits (n = 5), which was increased 1.4- 
fold in that in non-pregnant rabbits (n = 5) (34.4 
+1.5 ml/kg) (P < 0.001). 


Comparison of VLDL secretion rate in the pregnant 
state with that of the non-pregnant state 

Since Tyroxapol, which is the same poly(ethyl- 
ene glycol) as Triton WR-1339, inhibits the de- 
gradation of VLDL [30], Tyroxapol was used in 
order to determine the secretion rate of VLDL- 
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Fig 3. Serum lypid levels of WHHL rabbits treated with Tyroxapol both in non-pregnant (O: n = 4) and pregnant (day-21) states (@ 
n = 5). Tyroxapol was injected into a marginal ear vein at a dose of 400 mg/kg body weight The average of the rate of increase ın 
serum cholesterol and tnacylglycerol was 11 1 +0,5 (mean+S E) and 194+20 mg/dl per h, respectively, ın the non-pregnant state, 
and 9.5+0.6 and 20748 mg/dl per h, respectively, ın the pregnant state. 


cholesterol and triacylglycerol in both non-preg- 
nant and pregnant WHHL rabbits (Fig. 3). As the 
lipoprotein secreted from liver is only VLDL in 
WHHL rabbits [26], the secretion rates of VLDL- 
cholesterol and triacylglycerol were represented as 
the rates of increase in serum cholesterol and 
triacylglycerol level. The secretion rates of 
VLDL-cholesterol and triacylglycerol from the 
liver were 11.1 + 0.5 and 194+ 20 mg/dl per h, 
respectively, in non-pregnant WHHL rabbits (n = 
4), and 9.5 + 0.6 and 207 + 8 mg/dl per h, respec- 
tively, in pregnant WHHL rabbits (n = 5). When 
these secretion rates were corrected by plasma 
volume for body weight, the secretion rates of 
VLDL-cholesterol and triacylglycerol were 3.8 + 
0.2 and 67 +13 mg/kg per h, respectively, in 
non-pregnant WHHL rabbits, and 4.6 + 0.3 and 
100 +4 mg/kg per h, respectively, in pregnant 
WHHL rabbits. The secretion rate was increased 
1.2-fold for VLDL-cholesterol and 1.5-fold for 
VLDL-triacylglycerol (P < 0.005) during preg- 
nancy. 


Binding assay of '**I-labeled LDL to liver mem- 
brane 

125T-labeled LDL ((*I-LDL) from a WHHL 
rabbit showed a saturable binding to hepatic 


TABLE II 
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membrane fractions from a normal rabbit over 3.0 
pg/ml of I-LDL, which was similar to the 
binding of }*1-LDL from normal rabbits [2]. The 
assay of the binding of }?1-LDL from a WHHL 
rabbit to liver membranes from non-pregnant and 
pregnant normal rabbits, and non-pregnant and 
pregnant WHHL rabbits was carried out (Table 
II). LDL-receptor-dependent binding is repre- 
sented as EDTA-sensitive binding, which was 
calculated by subtracting the amount of }?I-LDL 
bound in the presence of EDTA from that bound 
in the absence of EDTA, and LDL-receptor-inde- 
pendent binding is represented as EDTA-resistant 
binding, which was calculated by subtracting the 
amount of '°J-LDL bound in the presence of 
excess unlabeled LDL from that bound in the 
absence of unlabeled LDL and the presence of 
EDTA [2]. The amount of !J-LDL bound to the 
receptor was 0.5+0.2 ng/mg protein in -non- 
pregnant WHHL rabbits (n = 4), 6.0 + 0.7 ng/mg 
protein in pregnant WHHL rabbits (n = 4), 29.3 
+ 4.3 ng/ mg protein in non-pregnant normal rab- 
bits (n= 3), and 52.3 +3.3 ng/mg protein in 
pregnant normal rabbits (n = 2). The receptor-de- 
pendent binding of !*°J-LDL was increased 12-fold 
in WHHL rabbits and the ratio of this binding in 
WHHL rabbits to that in normal rabbits was 


BINDING OF !4]-LDL FROM A WHHL RABBIT TO LIVER MEMBRANES FROM EACH RABBIT 


Each tube containe 150 pg of membrane protein, 0.63 mM CaCl,, °I-LDL at 30 pg/ml and the indicated addition 
LDL.-receptor-dependent binding was presented as EDTA-sensitive site, which was calculated by subtracting the amount of }?I-LDL 
bound in the presence of EDTA from that bound in its absence, and LDL-receptor-independent binding was calculated by 
subtracting the amount of }°1-LDL bound in the presence of unlabeled LDL from that bound in the absence of unlabeled LDL and 


the presence of EDTA. Each value 1s presented as mean+SE 


1257_LDL bound to membrane (ng /mg protein) 


WHHL rabbit normal rabbit 
non-pregnant pregnant * non-pregnant pregnant ° 
(n = 4) (n = 4) (n = 3) (n = 2) 
Addition to assay 
None 20.841.6 26.8+17 49.4440 73 6+65 
5 mM EDTA 20.34+1.5 207+1.1 20.1 41.2 21.8 + 3.3 
LDL at 280 ug/ml 8540.7 87+0.5 85+04 8.2+0.9 
Binding site 
Receptor-dependent 0.5+0,2 6.0407 29.3 +43 523446 
Receptor-independent 11.8+1.0 121408 11.6408 13143.4 
Total 12.3411 181415 409445 65.44 8.0 


2 Day 21 of pregnancy. 
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Fig 4 Hypocholesterolemic effect of 17a-ethinylestradio] in 
WHHL rabbits. 17a-Ethinylestradiol was dissolved in pro- 
pylene glycol at 37°C and administered dally to WHHL 
rabbits (n = 3) subcutaneously at a dose of 5 mg/kg of body 
weight , treatment; — — —, no drug, Error bars: 
mean+SE 





incresed from 2% to 21% during pregnancy. Re- 
ceptor-dependent binding of }*°I-LDL in normal 
rabbits was incresed 1.8-fold during pregnancy. 
The amount of receptor-independent binding of 
251-LDL was 11.6-13.1 ng/mg protein in each 
type of rabbit. 


Hypocholesterolemic effect of 17a-ethinylestradiol 

Fig. 4 shows the hypocholesterolemic effect of 
17a-ethinylestradiol in WHHL rabbits (n = 3). 
Serum cholesterol level was 479 + 59 mg/dl be- 
fore treatment and was reduced to 290 + 39 mg/dl 
by day 6 of treatment, which was about 60% that 
before treatment. At 9 days after cessation of 
treatment, serum cholesterol level was 377 + 78 
mg/dl, which was about 80% in that before treat- 
ment. 


Discussion 


In WHHL rabbits, serum cholesterol level and 
LDL-cholesterol level were decreased by about 
75% and by about 80%, respectively, during preg- 
nancy (Fig. 2) in spite of the genetic deficiency of 
LDL receptors. The level of cholesterol decrease 
in maternal plasma was not associated with litter 
size (unpublished data). Ross and Zilversmit [16] 
reported similar results in normal rabbits and 
showed that the amount of cholesterol transfer 


from maternal plasma to fetuses was less than that 
of cholesterol excretion into feces. The decrease in 
serum cholesterol level during pregnancy was not 
due to decreased secretion of VLDL-cholesterol, 
the precursor of LDL-cholesterol, but was associ- 
ated with both a 1.4-fold increase in plasma volume 
(Table I) and a 12-fold increase in hepatic LDL 
receptor activity (Table II). About two-thirds of 
the circulating LDL pool is cleared by receptor- 
dependent means and about one-third of the LDL 
in the plasma pool is cleared by receptor-indepen- 
dent menas; the clearance of LDL in hepatic LDL 
receptor is about 70% of the receptor-dependent 
clearance in whole animals [23,31]. In normal rab- 
bits the LDL receptor mediated the rapid removal 
of VLDL and IDL from plasma and in WHHL 
rabbits a deficiency of LDL receptors led to an 
enhanced conversion of VLDL to LDL [4]. There- 
fore, the hepatic LDL receptor has been consid- 
ered to regulate the serum cholesterol level. The 
increase in the binding activity of this receptor is 
important for decreasing the serum cholesterol 
level. 

During pregnancy, the increse in the secretion 
rate of cholesterol (1.2-fold) was less than that of 
triacylglycerol (1.5-fold) when Tyroxapol was in- 
jected into both non-pregnant and pregnant 
WHHL rabbits (Fig. 3). This difference may be 
due to an increase in LDL degradation as a result 
of the increase in hepatic LDL receptor, and/or 
to an increase in the triacylglycerol content in 
VLDL during pregnancy (Fig. 2). It has been 
reported that the VLDL-triacylglycerol level is 
increased in various animals treated with estradiol 
[32-35]. 

The change in serum cholesterol level during 
pregnancy varies between species. Serum choles- 
terol level during pregnancy increases in humans 
[36], does not change in dogs [15], and decreases 
in baboons [37], rhesus monkeys [38] and rabbits 
[14-17]. In healthy women, an increase in serum 
cholesterol level during pregnancy has been shown 
to be due to that in VLDL and IDL cholesterol 
levels, and the LDL cholesterol level tends to be 
decreased [36]. In healthy women and patients 
with heterozygous familial hypercholesterolemia, 
the serum cholesterol level and cholesterol level in 
LDL containing IDL were increased during preg- 
nancy, but were reduced by 25% and 33%, respec- 


tively, when a cholesterol-free diet was induced 
[39,40]. These reports imply that the increase in 
serum cholesterol level in humans during preg- 
nancy is associated with an increase both in the 
VLDL and IDL-cholesterol levels and in the ab- 
sorption of exogenous cholesterol. 

Plasma LDL level has been shown to be re- 
duced in estradiol-treated rats [18,19] and choles- 
terol-fed rabbits [20,21]. Kovanen et al, [22] and 
Spady et al. [23] showed that membranes prepared 
from the livers of rats treated with estradiol ex- 
hibited a 3- to 10-fold increase in saturable bind- 
ing site for LDL. When estrogen was injected into 
humans, plasma and LDL-cholesterol levels were 
reduced [41,42]. Recently, Ma et al. [43] showed 
that the level of the mRNA for LDL receptor 
increased 6- to 8-fold in the liver of rabbits treated 
with estradiol and that the increase in the receptor 
number was correlated with that in the mRNA 
level. Mabuchi et al. [44] observed, in one patient 
with heterozygous familial hypercholesterolemia, 
that the serum cholesterol level and LDL choles- 
terol level were decreased by 63% and 83%, re- 
spectively, during pregnancy, and by 25% and 
40%, respectively, in the non-pregnant state fol- 
lowing treatment with estradiol. They considered 
that the reduction in serum cholesterol level dur- 
ing pregnancy was probably brought about by the 
action of estrogens. When non-pregnant WHHL 
rabbits were subcutaneously injected with 17a- 
ethinylestradiol at a dose of 5 mg/kg per day, the 
serum cholestrol level decreased by about 40% 
within 6 days (Fig. 4). These results and reports 
suggest that, in WHHL rabbits, the increase in 
hepatic LDL receptor activity during pregnancy 
may be due to the action of estrogens. 

Schneider et al. [45] showed that, in homo- 
gzygous WHHL fibroblasts, LDL receptor was 
processed from a precursor with an apparent 
molecular mass on SDS polyacrylamide gels from 
120 kDa, to a 160 kDa mature form at a rate that 
was markedly slower than normal, and that only 
about 25% of the receptors were converted to the 
mature form. However, in the present study the 
binding of !?°I-LDL to hepatic LDL receptor in 
non-pregnant WHHL rabbits was only about 2% 
of that in normal rabbits (Table II). Similar results 
have been reported in WHHL fibroblasts [1] and 
WHHL liver and adrenal cells [2,3]. These results 
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and reports suggest that the LDL receptor in 
WHHL rabbits is mutated both in its ability to be 
processed at a normal rate and in its ability to 
bind LDL. In heterozygous WHHL fibroblasts, 
about 65% of the receptor were converted to the 
mature form [45]. Although, as well as fibroblasts 
from homozygous WHHL rabbits, it is uncertain 
that all of 65% of the receptor shows the binding 
ability, serum cholesterol level in heterozygotes is 
59 +6 mg/dl [46], which is 1- to 1.5-fold increse 
in normal level. In pregnant homozygous WHHL 
rabbits, the binding activity of hepatic LDL recep- 
tor was about 21% of normal and serum cholesterol 
level was 144 + 34 mg/dl. The secretion rate of 
VLDL in WHHL rabbits was almost equal to that 
in normal rabbits [26]. These reports and results 
suggest that in homozygous WHHL rabbits, the 
decrease in serum cholesterol level during preg- 
nancy is closely associated with an increase in 
hepatic LDL receptor activity. 
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Partial purification and characterization of 7a-hydroxysteroid dehydrogenase 
from rat liver microsomes 
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An NADPH-dependent 7a-hydroxysteroid dehydrogenase acting on 3a-hydroxy-7-keto-5$-cholanoic acid 
was partially purified 160-fold with a yield of 13% from rat liver microsomes using DEAE-cellulose, 
hydroxyapatite and Affi-Gel® Blue column chromatography. The specific activity of the purified enzyme was 
91.3 nmol chenodeoxycholic acid formed /min per mg of protein. The reaction was reversible, and the 
optimum pH of the enzyme for the oxidation was about 8.5, whereas that for the reduction was about 5.0. A 
molecular weight of the enzyme was estimated to be about 130000 by Superose 6™ gel filtration 
chromatography. The apparent K,, value for 3a-hydroxy-7-keto-58-cholanoic acid was 35.7 pM and that for 
NADPH was 90.9 uM. The preferred substrate for the enzyme was 3a-hydroxy-7-keto-58-cholanoic acid 
rather than 3a,12a-dihydroxy-7-keto-58-cholanoic acid, a 7-keto-bile acid analogue. The enzyme also 
preferred the unconjugated form to the conjugated forms. The enzyme activity was inhibited by p-chloro- 
mercuribenzoate; however, the inhibition was prevented by addition of reduced form of glutathione to the 


reaction mixture, indicating that the enzyme requires a sulfhydryl group for activity. 


Introduction 


Chenodeoxycholic acid is a main bile acid [1] 
and is extensively used for solubilizing cholesterol 
gallstones by decreasing the cholesterol saturation 
in the bile [2]. This bile acid is probably oxidized 
further to 3a-hydroxy-7-keto-58-cholanoic acid by 
bacterial 7a-dehydrogenation in the intestine [3], 
resulting in the occurrence of 3a-hydroxy-7-keto- 
5B-cholanoic acid in the feces. However, 3a-hy- 
droxy-7-keto-58-cholanoic acid is not found in an 
appreciable amount in the bile of rats and hu- 
mans, suggesting that 3a-hydroxy-7-keto-5£- 
cholanoic acid absorbed from the intestine is again 
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reduced to chenodeoxycholic acid during passage 
through the liver. Thus several in vivo studies on 
bile acid metabolism demonstrated that 3a-hy- 
droxy-7-keto-58-cholanoic acid could be reduced 
to chenodeoxycholic acid in the liver of rats [4], 
dogs [5] and humans [6]. These results indicate the 
presence of 7a-hydroxysteroid dehydrogenase 
acting on 3a-hydroxy-7-keto-58-cholanoic acid in 
mammalian liver, and suggest that some cheno- 
deoxycholic acid in the bile is formed from 3a-hy- 
droxy-7-keto-58-cholanoic acid in the liver. 

The detailed nature of hepatic 7a-hydroxy- 
steroid dehydrogenase remains to be clarified, al- 
though bacterial 7a-hydroxysteroid dehydro- 
genases have been purified and characterized 
[3,7,8]. Recently, we found that rat liver prepara- 
tions could reduce 3a-hydroxy-7-keto-5B- 
cholanoic acid to chenodeoxycholic acid, and that 
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the reductase required NADPH but not NADH as 
coenzyme and was mainly localized in the micro- 
somes [9]. In this paper, we describe the solubiliza- 
tion, purification and characterization of 7a-hy- 
droxysteroid dehydrogenase acting on 3a-hy- 
droxy-7-keto-58-cholanoic acid from rat liver mi- 
crosomes. 


Materials and Methods 


Chemicals 

The sources of the chemicals used in this study 
were as follows: pyridine nucleotides, cholylgly- 
cine hydrolase, sodium taurodeoxycholate, 
chenodeoxycholic acid, cholic acid and 3-keto-5£- 
cholanoic acid from Sigma Chemical Co. (St. 
Louis, MO); 3a-hydroxy-7-keto-58-cholanoic, 
3a,12 a-dihydroxy-7-keto-5f8-cholanoic and 
3a,7a-dihydroxy-12-keto-5B-cholanoic acids from 
Steraloids (Wilton, NH); 7a,12a-dihydroxy-5p- 
cholanoic acid from Calbiochem-Behring Corp. 
(La Jolla, CA); DEAE-cellulose (DE-52) from 
Whatman (U.K.); Affi-Gel® Blue from Bio-Rad 
(Richmond, CA); Superose 6™ from Pharmacia 
Fine Chemicals (Sweden); calibration proteins 
from Boehringer-Mannheim (F.R.G.) and Sigma; 
hydroxyapatite, Tween 80 and other chemicals 
from Wako Pure Chemicals (Osaka, Japan). 
Taurine- and glycine-conjugated 3a-hydroxy-7- 
keto-58-cholanoic acids were synthesized from its 
free form by the method of Tserng et al. [10]. 


Purification of 7a-hydroxysteroid dehydrogenase 
Male Wistar strain rats weighing 200~250 g 
were anesthetized with diethyl ether and killed by 
decapitation 5 min later. The liver (45 g) was 
homogenized with 3 vol. 0.25 M sucrose in a 
Teflon homogenizer. Liver microsomes were pre- 
pared by the method of Wilgram et al. [11] and 
washed with 20 mM phosphate buffer (pH 7.4) 
containing 20% (w/v) glycerol and 1.0 mM re- 
duced form of glutathione (GSH). The protein 
concentration was adjusted to 30 mg/ml, and 
then Tween 80 and sodium taurodeoxycholate were 
added to final concentrations of 0.1 and 0.5% 
(w/v), respectively. The suspension was stirred for 
60 min and centrifuged at 105000 x g for 1 h. The 
supernatant was dialyzed against 20 mM phos- 
phate buffer (pH 7.4) containing 20% glycerol, 1 


mM GSH, 0.1% Tween 80 and 0.05% sodium 
taurodeoxycholate (buffer A) and was applied to 
DEAE-cellulose column (4 X13 cm), previously 
equilibrated with buffer ‘A. The column was 
washed with the same buffer, and the protein was 
eluted with a linear gradient of concentration from 
0 to 0.3 M NaCl in buffer A. The active fractions 
were dialyzed against buffer A and applied to 
second DEAE column (2 X 20 cm) equilibrated 
with buffer A. The column was washed with the 
same buffer and the protein was eluted with a 
linear gradient of concentration from 0 to 0.15 M 
NaCl in buffer A (Fig. 1). The fractions contain- 
ing enzyme activity were concentrated using 
Amicon Diaflo membrane and dialyzed against 20 
mM phosphate buffer (pH 7.4) containing 20% 
glycerol, 1 mM GSH, 0.2% Tween 80 and 0.1% 
sodium taurodeoxycholate (buffer B). The frac- 
tions were applied to hydroxyapatite column (4 x 5 
cm) equilibrated with buffer B. The column was 
washed with the same buffer and the protein was 
eluted with 70 mM phosphate buffer (pH 7.4) 
containing 20% glycerol, 1 mM GSH, 0.2% Tween 
80 and 0.1% sodium taurodeoxycholate. The two 
peaks containing 7a-hydroxysteroid dehydro- 
genase activity were found on hydroxyapatite 
chromatography (Fig. 2). The nonbound enzyme 
fractions (peak 1), which contained 65% of the 
total activity obtained from the hydroxyapatite 
column, were applied to Affi-Gel® Blue column 
(1 X 7 cm) equilibrated with buffer B. The column 
was washed with the same buffer and the protein 
was eluted with a linear gradient of concentration 
from 0 to 4 M NaCl in buffer B. The fractions 
containing enzyme were combined and used as the 
purified 7a-hydroxysteroid dehydrogenase. 


Gel filtration 

Gel filtration of the enzyme was performed on 
an HR 10/30 column prepacked with Superose 
6™ using Pharmacia Fast Protein Liquid Chro- 
matography system. 


Sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis 

Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis was carried out according to 
Laemmli [12] using a 9% acrylamide gel. 
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Fig 1. DEAE-cellulose chromatography (DEAE-2) of 7a-hydroxysteroid dehydrogenase The eluate from first DEAE-cellulose 
column was applied. Fractions of 6.5 ml were collected and analyzed for enzyme activity (O) and for protein concentration (@) The 
standard incubation conditions were used as in text. The arrow indicates the start of a linear NaCl gradient. 


Determination of protein concentration 
Protein concentration was determined by the standard. 
method of Lowry et al. [13] or from the ab- 


nmol/min/ml 


Chenodeoxycholic acid formed 


Fraction Number 





Protein concentration 


(mg/ml) 


sorbance at 280 nm with bovine serum albumin as 


Fig 2. Hydroxyapatite chromatography of 7a-hydroxysteroid dehydrogenase The fractions containing enzyme activity from second 
DEAE column were applied to hydroxyapatite column chromatography. The fractions of 7.0 ml were collected and the enzyme 
activity (O) and protem concentration (@) were analyzed as in text The arrow indicates the start of the elution by 70 mM phosphate 


buffer (pH 7.4) containing 20% glycerol, 1 mM GSH, 0.2% Tween 80 and 0.1% sodium taurodeoxycholate. 
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Incubation procedure and analysis of the product 
formed 

Activity of 7Ja-hydroxysteroid dehydrogenase 
acting on 3a-hydroxy-7-keto-58-cholanoic acid 
was assayed by the method as described previ- 
ously with slight modifications [9]. The standard 
incubation mixture in a total volume of 3.0 ml 
contained 170 uM 3a-hydroxy-7-keto-58-chol- 
anoic acid in 100 ul of ethanol, an appropriate 
amount of microsomes or purified enzyme, 0.1 M 
sodium-citrate-phosphate buffer (pH 5.0), and 0.8 
mM NADPH or NADH. The mixture was in- 
cubated at 37°C for 15 min, and the reaction was 
stopped by adding 0.2 ml of 4 M hydrochloric 
acid. Then 100 ug of 7a,12a-dihydroxy-5p- 
cholanoic acid was added as an internal standard. 
The bile acids extracted with diethyl ether from 
the incubation mixture were converted to the 
hexafluoroisopropyl-trifluoroacetyl derivatives [14] 
and were subjected to gas chromatography 
(Shimadzu GC9A) on a glass column (3.0 mm X 
1.6 m) of 3% DC QF-1 at 230°C. The amount of 
chenodeoxycholic acid formed was determined by 
measuring the peak areas of chenodeoxycholic 
acid and the internal standard. 


Results and Discussion 


The purification of 7a-hydroxysteroid dehydro- 
genase acting on 3a-hydroxy-7-keto-5$-cholanoic 
acid from microsomes of rat liver was summarized 
in Table I. The solubilization from the micro- 
somes with a mixture of Tween 80 and sodium 
taurodeoxycholate resulted in a complete recovery 
of activity of 7a-hydroxysteroid dehydrogenase in 
the 105000 x g supernatant. On hydroxyapatite 


TABLE I 


chromatography of the active fractions obtained 
from two DEAE-cellulose chromatographies, two 
peaks containing 7a-hydroxysteroid dehydro- 
genase were found in the nonbound and eluate 
fractions, respectively (Fig. 2). The nonbound 
fraction containing more abundant enzyme activ- 
ity was purified further about 160-fold as com- 
pared to the original microsomes in a yield about 
13% by Affi-Gel Blue chromatography. The 
specific activity of the partially purified 7a-hy- 
droxysteroid dehydrogenase acting on 3a-hy- 
droxy-7-keto-58-cholanoic acid was 91.3 nmol 
chenodeoxycholic ‘acid formed/min per mg pro- 
tein. However, the purified enzyme could reduce 
3a-hydroxy-7-keto-58-cholanoic acid to ursodeo- 
xycholic acid in a trace amount. Thus, the purified 
enzyme preparation still contained small amount 
of 78-hydroxysteroid dehydrogenase, which was 
unable to be removed by the present purification 
procedures. 

The stability of the enzyme was examined with 
the solubilized microsomes which were stored in 
buffer A at 4°C or — 80°C, When the enzyme was 
stored in the presence of 20% glycerol at 4°C, the 
activity remained unchanged for at least 1 week, 
whereas it decreased to less than one-half over a 
week in the absence of glycerol. On the other 
hand, when the enzyme was stored at — 80°C, its 
activity remained unchanged for 3 weeks, regard- 
less of the presence or absence of glycerol. 

The reduction of 3a-hydroxy-7-keto-58-chol- 
anoic acid to chenodeoxycholic acid was linear 
with time for at least 20 min. Furthermore, the 
reduction rate was proportional to the concentra- 
tion of enzyme protein. The reduction required 
the addition of NADPH but not NADH as coen- 


PURIFICATION OF 7a-HYDROXYSTEROID DEHYDROGENASE FROM RAT LIVER MICROSOMES 


CDCA, chenodeoxycholi acid. 


Protein Enzyme activity Purification Yield 

(mg) (nmol of CDCA formed /min) (-fold) (%) 
Microsomes 1819.0 1040.7 10 100.0 
Solubilization 869.3 992 6 2.0 95 4. 
DEAE-1 168.0 646.1 67 62.1 
DEAE-2 42.0 446 6 18.6 42.9 
Hydroxyapattte (peak 1) 86 257.0 52.5 24.7 
Affi-Gel Blue 15 137.0 160.2 132 


zyme. These results were consistent with those 
observed previously with crude liver homogenate 
[9]. 

As shown in Fig. 3, the reaction was found to 
be reversible. The optimum pH for the oxidation 
was about 8.5 in the phosphate buffer, whereas 
the pH for the reduction was found to be about 
5.0 in the citrate-phosphate buffer, which was 
similar to that observed previously with crude 
liver homogenate [9]. l 

When the purified 7a-hydroxysteroid dehydro- 
genase (peak 1) was applied to gel-filtration chro- 
-matography on a column of Superose 6, a single 
peak of the enzyme appeared in the region of 
molecular weight of about 130000 (Fig. 4). How- 
ever, the electrophoretogram of sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis of the 
purified enzyme (Fig. 5) showed two bands in the 
molecular weight range of 66 000-70 000. The band 
corresponding to the molecular weight of 130000 
was not found. These results indicate that this 
enzyme may exist as a dimer. 

The apparent K,, for 3a-hydroxy-7-keto-5f- 
cholanoic acid calculated from a Lineweaver-Burk 
plot was 35.7 M, which was similar to that ob- 
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served with crude liver homogenate [9] and that 
for NADPH was 90.9 pM. 

The substrate specificity for the purified 7a-hy- 
droxysteroid dehydrogenase is shown in Table II. 
The purified enzyme could reduce only 7-keto bile 
acids but not 3- or 12-keto bile acid, indicating 
that the 7a-hydroxysteroid dehydrogenase is dif- 
ferent from 3- and 12-hydroxysteroid dehydro- 
genases and is an enzyme specific for 7-keto bile 
acids. The preferable substrate for the enzyme was 
the unconjugated form rather than the conjugated 
forms. Moreover, when 3a,12a-dihydroxy-7-keto- 
5B-cholanoic acid, a 7-keto-bile acid analogue, was 
used as substrate, the rate of reduction to cholic 
acid was slower than that of 3a-hydroxy-7-keto- 
58-cholanoic acid to chenodeoxycholic acid. The 
result suggests that the 7a-hydroxysteroid dehy- 
drogenase has more affinity for 3a-hydroxy-7- 
keto-58-cholanoic acid than 3a,12a-dihydroxy-7- 
keto-58-cholanoic acid, and is consistent with the 
in vivo study that 3a-hydroxy-7-keto-58-cholanoic 
acid was reduced to a greater extent than that of 
3a,12a-dihydroxy-7-keto-58-cholanoic acid in dog 
liver [5]. 

Table III shows the effect of a sulfhydryl com- 
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Fig. 3. Effect of pH on reduction of 3a-hy- 
droxy-7-keto-5B-cholanoic acid (A) and on 
oxidation of chenodeoxycholic acid (B) by 
the purified 7a-hydroxysteroid dehydro- 
genase. The punfied enzyme was incubated 
at various pH levels with 170 uM 3a-hy- 
droxy-7-keto-58-cholanoic acid in 0.1 M 
potassium phosphate buffer (O) or 0.1 M 
sodium-citrate-phosphate buffer (@) contain-. 
ing 0.8 mM NADPH. The enzyme was also 
incubated at various pH levles with 170 pM 
chenodeoxycholic acid in 0.1 M potassium 
phosphate buffer containing 0.8 mM NADP. 
The amount of 3a-hydroxy-7-keto-5B- 
cholanoic acid formed (M) was determined by 
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Fig. 5 Sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis of the punfied 7a-hydroxysteroid dehydrogenase. 
Migration was from top to bottom. (A) The purified 7a-hy- 
droxysteroid dehydrogenase (2 pg of protein); (B) a mixture of 
B-galactosidase (M, 116000), phosphorylase b (97400), bovine 
serum albumin (66000), ovalbumin (45000) (3 ug of each). 
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Fig. 4. (A) Gel-filtration chromatography of 
the purified 7a-hydroxysteroid dehydro- 
genase on a column of Superose 6. The pun- 
fied 7a-hydroxysteroid dehydrogenase, 60 pg 
of protein, was applied to a column of Super- 
ose 6 in buffer B. Fractions of 0.5 ml were 
collected and analyzed for the enzyme activ- 
ity (O) as described ın text. (B) Molecular 
weight determination of 7a-hydroxysteroid 
dehydrogenase: 1, ferritin (M, 450000); 2, 
catalase (240000); 3, aldolase (158000); 4, 
7a-hydroxysteroid dehydrogenase (peak 1); 5, 


25 albumin (66000); 6, chymotrypsinogen 
(25000). 
TABLE II 
SUBSTRATE SPECIFICITY 


The substrate, 170 uM, was incubated with purified 7a-hy- 
droxysteroid dehydrogenase (peak 1) in the presence of 08 
mM NADPH under the standard assay conditions as described 
in text. In the experiments which the conjugated substrates 
were used, the acidified reaction mixture was neutralized with 
0.5 ml of 1.25 M sodium hydroxide and was filtered. The 
filtrate was hydrolyzed with cholylglycine hydroalse as de- 
scribed previously [15]. Thereafter, the bile acids were ex- 
tracted with ethyl ether from the acidified hydrolyzate and 
were analyzed by gas chromatography. 

Substrates The corresponding 
hydroxy bile 

acids formed 
(nmol/mg per min) 


3a-Hydroxy-7-keto-5£B- 
cholanoic acid 


unconjugated 102.0 
glycine conjugate 56.0 
taurine conjugate 44.0 
3a,12 a-Dihydroxy-7-keto- 
5B8-cholanoic acid 210 
3-Keto-5f-cholanoic acid 0.0 
3a,7a-Dihydroxy-12-keto- 
5B-cholanoic acid 0.0 


TABLE IHI 


EFFECT OF PCMB ON REDUCTION OF 3a-HYDROXY- 
7-KETO-58-CHOLANOIC ACID 


The purified enzyme was used PCMB, p-chloromercuri- 
benzoate; CDCA, chenodeoxycholic acid. 


PCMB added CDCA formed Inhibition 
(nmol/mg per min) (%) 
None 106 5 0.0 
5 pM 25 5 761 
10 pM 9.5 91.1 
10 u™M+3mM GSH 103.0 3.3 


hn 


pound, p-chloromercuribenzoate, on the reduc- 
tion of 3a-hydroxy-7-keto-58-cholanoic acid. The 
enzyme activity was highly inhibited by addition 
of 10 uM p-chloromercuribenzoate. However, the 
inhibition was prevented by addition of 3 mM 
GSH. The enzyme is therefore considered as an 
enzyme containing a sulfhydryl group reversibly 
reactive to the sulfhydryl compound. 

On the other hand, another enzyme (peak 2) 
was also purified about 67-fold by Affi-Gel Blue 
chromatography. Although the characterization of 
the partially purified enzyme (peak 2) was per- 
formed as described above (data not shown), its 
enzymological properties were not different from 
those of the peak 1 except for a physicochemical 
property, binding to the hydroxyapatite column in 
buffer B. 

Until recently, the NADP(H)-dependent 7a-hy- 
droxysteroid dehydrogenases have been purified 
and characterized from several strains of bacteria 
[3,7,8]. The properties of the enzyme were found 
to be dependent partly on the species of bacterium. 
In comparison with the bacterial enzymes, the 
7a-hydroxysteroid dehydrogenase from rat liver 
microsomes presented in this study had some dif- 
ferent properties. For example, the hepatic en- 
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zyme had a molecular weight of about 130000, 
which differed from the enzyme isolated from 
Clostridium welch [3]. The optimum pH for the 
hepatic enzyme was lower than that for the en- 
zymes from Clostridium welchii [3], Bacteroides 
fragilis [7] and Clostridium absonum [8]. Moreover, 
the substrate specificity for the hepatic enzyme 
was different from that for the enzymes isolated 
from Clostridium welchi: and Bacteroides fragilis, 
which had more affinity for trisubstituted than 
disubstituted bile acid. 


References 


1 Danielsson, H and Sjövall, J (1975) Annu. Rev. Biochem 
44, 233-253 
2 Thistle, JL and Hofmann, AF (1973) N. Engl J Med 
289, 655—659 
3 Anes, V.C. and Hill, MJ (1970) Biochim. Biophys. Acta 
202, 535-543 
4 Mahowald, T.A., Yin, M.W , Matschiner, J T., Hsia, S L., 
Doisy, E A., Elliott, W H. and Doisy, E.A (1958) J Biol 
Chem. 230, 581--588 
5 Nakagakı, M , Danzinger, R G., Hofmann, A.F. and Roda, 
A (1983) Am J. Physiol 245, G411-G417 
6 Fromm, H., Carlson, G.L , Hofmann, A F., Farivar, S. and 
Amn, P. (1980) Am J. Physiol. 239, G161-G166 
7 Hylemon, P B. and Sherrod, J.A. (1975) J. Bacteriol 122, 
418-424 
8 Macdonald, I.A. and Roach, P D. (1981) Biochim. Biophys 
Acta 665, 262~269 
9 Amuro, Y , Yamade, W., Nakano, T , Hayashi, E., Hada, T 
and Higashino, K (1985) Biochim. Biophys. Acta 841, 
229-231 
10 Tsemg, K.-Y., Hachey, D.L. and Klem, P.D. (1977) J 
Lipid Res. 18, 404-407 
11 Wilgram, G.F. and Kennedy, E.P. (1963) J. Biol Chem 
238, 2615-2619 
12 Laemmli, U.K (1970) Nature 227, 680-685 
13 Lowry, O.H., Rosebrough, NJ, Farr, A.L. and Randall, 
R J. (1951) J. Biol. Chem. 193, 265-275 
14 Ima, K, Tamura, Z., Mashige, F. and Osuga, T .(1976) J 
Chromatogr. 120, 181-186 
15 Van Berge Henegouwen, G.P., Ruben, A and Brandt, 
K.-H (1974) Clin. Chim. Acta 54, 249-261 


108 Biochimica et Biophysica Acta 917 (1987) 108-111 
Elsevier 


BBA 52318 


Covalently bound w-hydroxyacylsphingosine in the stratum corneum 
Philip W. Wertz and Donald T. Downing 


The Marshail Dermatology Research Laboratories, Department of Dermatology, University of Iowa College of Medicine, 
Towa City, TA (U.S A.) 


(Received 4 August 1986) 


Key words: Ceramide; Water barrier; Stratum corneum, w-Hydroxyacid; (Pig skin) 


Pig epidermis was heat separated, and the stratum corneum was isolated after trypsinization. Exhaustive 
extraction of the stratum corneum fraction with chloroform / methanol mixtures yielded 14.7% lipid on a dry 
weight basis. After mild saponification of the extracted residue, additional lipid could be extracted which 
accounted for 2.1% of the stratum corneum weight. This bound lipid proved to consist mainly (91.9%) of 
N-(w-hydroxyacyl)sphingosines in which the amide-linked w-hydroxyacids were 28 to 34 carbon atoms in 
length. The release of this lipid by mild alkaline hydrolysis indicates that it is bound through an ester 
linkage. Half of the hydroxyceramide molecules reacted in situ with acidic acetone, suggesting that half of 
these molecules are attached to the stratum corneum through the w-hydroxyl function, while the other half 


may be linked through one of the hydroxyl groups of the sphingosine. 


Introduction 


Full thickness mammalian epidermis has been 
shown to contain a complex array of lipids includ- 
ing phospholipids, ceramides, glucosylceramides, 
free fatty acids, cholesterol and cholestery! sulfate 
[1—4]. After removal of these lipids by extraction 
with chloroform/ methanol, a further quantity of 
lipid can be recovered from the residue following 
mild alkaline hydrolysis [5]. It was proposed that 
this additional lipid, consisting of fatty acids, w- 
hydroxy acids, and w-hydroxyacylsphingosines, is 
present in ester linkage with an insoluble macro- 
molecular constituent of the epidermis, presuma- 
bly protein [5]. In the present study, isolated stra- 
tum corneum was investigated, and N-(w-hy- 
droxyacyl)sphingosines were found to be the 
principal covalently bound lipids. The composi- 
tion of this material has been determined and the 
mode of its attachment has been elucidated. 


Correspondence: Dr P.W. Wertz, 270 Medical Laboratories, 
University of Iowa College of Medicine, Iowa City, IA 52242, 
U.S A 


Methods 


Isolation of stratum corneum. Sections of fresh 
pig skin were placed in water at 60°C for 1 min 
and the epidermis was scraped off in sheets. The 
epidermal sheets were placed in 1% trypsin (type 
HI, Sigma Chemical Co., St. Louis, MO, U.S.A.) 
in phosphate-buffered saline for 2 h at 37°C, after 
which the liberated unkeratinized cells were 
scraped off with a spatula. The sheets were thor- 
oughly rinsed with phosphate-buffered saline to 
remove additional loosened cells, and the entire 
process of trypsinization, scraping and rinsing was 
repeated. Histologic examination showed that the 
sheets of remaining tissue consisted almost en- 
tirely of stratum corneum cells. The stratum 
corneum sheets were dried under vacuum without 
a desiccant, weighed and stored at —20°C before 
use. 

Extraction of unbound lipids. The sheets of stra- 
tum corneum were suspended successively in three 
separate mixtures of chloroform/ methanol (2:1, 
1:1 and 1:2, v/v) for 2 h each and were re- 
covered each time by filtration. This sequence of 
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extractions was repeated with solvent changes at 1 
h intervals to thoroughly remove nonpolar lipids 
and ceramides, and the stratum corneum was fi- 
nally extracted with methanol overnight to remove 
traces of polar lipids: The extracts were combined, 
concentrated to dryness, weighed and redissolved 
in chloroform/methanol prior to analysis by 
thin-layer chromatography (TLC). 

Extraction of chemically bound lipids. Sheets of 
stratum corneum recovered after the extraction 
described above were heated at 60°C for 1 h with 
1 M NaOH in 90% methanol [5]. The mixture was 
then acidified to pH 4 with 2 M HCl and shaken 
with chloroform. After filtration through a coarse 
sintered glass filter, the chloroform layer was sep- 
arated and the aqueous phase was reextracted 
with chloroform. The chloroform extracts were 
washed with water and recombined before 
evaporation to recover the lipids released by the 
alkaline hydrolysis. The recovered lipids were dis- 
solved in a small volume of chloroform/ methanol, 
2:1, and filtered through a 0.5 pm teflon millipore 
filter (Millex-SR; Millipore Corp., Bedford, MA, 
U.S.A.) to remove fine particulate material prior 
to weighing and analysis by TLC. 

Derivatization of chemically bound lipids in situ. 
Sheets of stratum corneum from which unbound 
lipids had been extracted were suspended in dry 
acetone containing a trace of HCl, in order to 
form the acetonides of any ceramides in which 
both the 1- and 3-hydroxyl groups of the 
sphingosine moiety were a free. In one experi- 
ment, HPLC grade acetone was used without ad- 
ditional drying. The reaction was allowed to pro- 
ceed for 2 h at room temperature. In two other 
experiments, the acetone was stored over molecu- 
lar sieve 4A for 1 week prior to use, and reaction 
times of 4 h and 16 h were employed. Acetonide 
formation was terminated by the addition of 2% 
aqueous excess K.,CO, prior to filtration. The 
derivatized stratum corneum was immediately 
subjected to alkaline hydrolysis with recovery of 
the liberated lipid. 

Lipid analysis. Each of the lipid extracts ob- 
tained was first analyzed by quantitative TLC [6], 
using individual lipids from pig epidermis, previ- 
ously isolated and characterized [2—4], as refer- 
ence compounds. 

The material recovered after mild alkaline hy- 
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drolysis of extracted stratum corneum sheets was 
subjected to vigorous acid hydrolysis with 1 M 
HCI in methanol containing 20 M water at 65°C 
for 18 h [2,7]. The products were recovered by 
extraction of the reaction mixture before and after 
neutralization with NaOH. w-Hydroxyacids and 
sphingosine bases were separated by preparative 
TLC. 

The hydroxyacids were converted to methyl 
esters by treatment with 10% BCI, in methanol at 
60°C for 1 h, and subsequently the w-hydroxyl 
group was acetylated by treatment with acetic 
anhydride in pyridine [2]. Each step in this conver- 
sion was monitored by TLC using previously pre- 
pared standards [2]. The w-O-acetyl methyl esters 
were separated according to degree of unsatura- 
tion by argentation TLC [3]. Each fraction was 
then subjected to quantitative TLC f6] and to 
gas-liquid chromatography (GLC) using a 25 m 
quartz capillary column with a BP-1 bonded sili- 
cone stationary phase (Scientific Glass Engineer- 
ing, Austin, TX, U.S.A.) to determine the chain- 
length distribution. This column was operated iso- 
thermally at 300°C. 

The sphingosines were converted to aldehydes 
by periodate oxidation [8], which were analyzed 
by GLC, on the column described above, at 220°C. 


Results 


The unbound lipids extracted from sheets of 
isolated stratum corneum amounted to 14.7 + 1.4% 
(n=4) by dry weight and consisted predomi- 
nantly of six series of ceramides, cholesterol and 
free fatty acids as reported previously [1,9]. Minor 
components included cholesteryl sulfate and 
cholesteryl esters. 

The material subsequently recovered from ex- 
tracted tissue following mild alkaline hydrolysis 
amounted to 2.1+0.2% of the dry tissue weight 
and consisted almost entirely of a material with 
the TLC mobility of w-hydroxyacylsphingosine. 
This one component represented 91.9 + 6.5% of 
the total bound lipid. Small amounts of free fatty 
acids (1.9 + 3.2%) and w-hydroxyacids (6.2 + 6.3%) 
were also present; however, the high degree of 
variability associated with these minor compo- 
nents suggests that they may arise from the small 
pockets of unkeratinized epidermal material con- 
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TABLE I 


COMPOSITION OF THE AMIDE-LINKED w-HYDROXY 
ACIDS FROM COVALENTLY ATTACHED CERAMIDES 
OF THE STRATUM CORNEUM 


The relative amounts of saturated, monoenoic and dienoic 
hydroxyacids (given ın parentheses) were determined by 
quantitative TLC after separation by argentation TLC Fatty 
acid compositions, determined by gas-liquid chromatography, 
are presented as weights percent for each class of unsaturation. 
The values are the mean + S.D. for four separate samples. 


Carbon No Saturates Monoenes Dienes 
(50.544 5) (44 544.2) (5.0+16) 
28 59+1.6 1.4+0.6 4.741.0 
29 3.5+1.8 1.10.5 3.2+2.7 
30 63.34 3.3 8540.4 13 645.8 
31 70+0.3 2.3+1.4 2.8421 
32 18.8+18 66.9 + 4.6 40 447.6 
33 0.5+0.2 1.5+0.4 3741.8 
34 1.0+0.2 18.3421 316434 


taminating the stratum corneum preparations. 
The observation that w-hydroxyacylsphingosine 

was the only ceramide recovered from the saponi- 

fied residue supports the interpretation that this 


TABLE II 


COMPOSITION OF THE SPHINGOSINE BASES FROM 
COVALENTLY ATTACHED CERAMIDES OF THE 
STRATUM CORNEUM 


The chain length distribution of the sphingosine bases was 
determined by gas-liquid chromatography as descnbed in 
Methods and the results are presented as weight percent Each 
value represents the mean+S D. from four samples 


Long-chain base Weight 
percent 
16:0 0.4401 
16:1 2.1+0.4 
17:0 2.6401 
17:1 11.840.9 
18:0 45+11 
18:1 21.944.2 
19:0 0.8+0.2 
19:1 2.2+0.3 
20:0 8.7404 
20:1 34.04 2.3 
21:0 0.8 +0.2 
21:1 37+0.5 
22:0 1.44+0.2 
22:1 5.30.4 





HO 
a 
HO ANANYA” IN” ANIN” IAN” IN” IN” I” I” IN” N” AN” AN OH 


Fig. 1. Representative structure of N-( w-hydroxyacyl)sphingo- 
sine 


lipid is covalently bound to the keratinocyte. If 
this ceramide were present in the stratum corneum 
residue simply as a result of incomplete extraction 
of free lipids, then other epidermal ceramides [2] 
should have been present also. Since other cera- 
mides were not recovered from the extracted re- 
sidue after saponification, it can be concluded that 
w-hydroxyacylsphingosine is specifically and 
probably covalently bound within the stratum 
corneum. 

Acid hydrolysis confirmed the identity of w-hy- 
droxyacylsphingosine. The only products of this 
reaction, as judged by both TLC and GLC, were 
w-hydroxyacids and sphingosines. The composi- 
tion of the w-hydroxyacids is given in Table I and 
the composition of the sphingosines is presented 
in Table II. Each of these is similar to the com- 
positions previously reported for corresponding 
materials contained in the mixture of lipids extrac- 
table from epidermis without hydrolysis [2]. A 
representative structure of N-(w-hydroxyacyl) 
sphingosine is shown in Fig. 1. 

The experiments in which the ceramide hy- 
droxyl functions were derivatized with acetone 
prior to alkaline hydrolysis resulted in half of the 
recovered material appearing as acetonides (50.3 
+ 5.3). This indicates that half of the ceramides 
were attached to the stratum corneum by esterifi- 
cation to the w-hydroxyl function and half by 
esterification to one of the sphingosine hydroxyls. 
Although poor penetration of the reagent or local 
neutralization of the acid cannot be entirely ruled 
out as an explanation for this observation, increas- 
ingly more rigorous conditions did not change this 
result. Furthermore, free w-hydroxyacylceramide 
was completely converted to an acetonide under 
all of the reaction conditions used. 


Discussion 


The present results show that, compared with 
full thickness epidermis, isolated stratum corneum 


contains a much higher content of lipid that is 
extractable only after alkaline hydrolysis. More- 
over, the covalently bound lipid thus liberated 
from stratum corneum consists almost entirely of 
a single class of compound, namely N-(w-hy- 
droxyacyl)sphingosines, whereas full thickness epi- 
dermis yielded, in addition, significant levels of 
free fatty acids and w-hydroxyacids [5]. 

Although the present results strongly indicate 
ester linkages as the most likely means of attach- 
ment of w-hydroxyacylsphingosine to the stratum 
corneum, little evidence has been obtained regard- 
ing the site of the attachment. It seems highly 
probable that the substrate to which the hydroxy- 
ceramides are bound consists of protein, so that 
bonding would involve the carboxylic side chains 
with which certain epidermal proteins abound 
[10,11]. We have suggested [5] that the presence of 
the hydroxyacid derivatives on the outer surface 
of the horny cell envelope would facilitate the 
attraction between this otherwise hydrophilic 
surface and the extracellular lipid bilayers that 
constitute the epidermal water barrier. Such an 
interaction could be of major importance for both 
the epidermal water barrier function and the 
cohesiveness of the stratum corneum. Continuing 
studies using ultrastructural techniques are provid- 
ing evidence to support these speculations. 
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Analyses of total lipid in individual lenses 1.8-63 years of age indicate that both the cholesterol and the 
phospholipid concentrations have reached a high level of 10 and 14 pg /mg lens dry weight, respectively, 
after the first ten years of growth. Thereafter, the rate of phospholipid accumulation was greatly reduced to a 
value of 0.05 ug /mg per year while that of cholesterol reduced to 0.19. Analyses of the distribution of lipid 
in successive lens fiber layers indicate that both the cholesterol and phopsholipid levels increase in the entire 
lens between the age of 1.8 and 9 years. Older lenses showed a continuous increase in the accumulation of 
cholesterol in the deep cortical fibers, while little or no increase in phospholipid concentration was observed. 
These results indicate that the accumulation of lipids is greater than that of lens dry mass (protein) during 
the first decade of lens growth. Since more than 90% of lenticular lipids are associated with fiber cell 
membranes, these data suggest a gradual change in the differentiation of the newly formed secondary fibers 
from the epithelium during this period. Analyses of the phospholipid composition of the successive fiber 
fractions indicate that the major phospholipids of phosphatidyl ethanolamine (PE), phosphatidylserine (PS) 
and sphingomyelin maintained a uniform distribution in the 1.8- and 5-year-old lenses. While no change was 
observed with the cortical fibers, older lenses showed a gradual loss of PE and PS in the nuclear fiber up to 
63 years of age. By the late teen years, nuclear PS can no longer be detected, while high levels of PE are 
maintained in lens nucleus. The disappearance of nuclear PE begins in the teen years and is completed by 
the age of 40. The decrease in PE and PS resulted in a continuous increase in the cholesterol / phopsholipid 
ratio, a measure of membrane rigidity in the nuclear fiber in lenses 20 years of age and older. This decrease 
is also responsible for the exceedingly high rigidity of the nuclear fibers of lenses 60 years of age and older. 
Possible lamellar cholesterol organization in the lens fiber membrane is discussed. 


Introduction throughout life. Membrane lipid synthesis and 
accumulation in the outer cortex and differences 
in lipid in lens regions have been reported (Refs. 
1-3; see Refs. 4 and 5 for a review). Analysis of 
lipids isolated from consecutive layers of individ- 
ual human lenses 54 years of age and older indi- 
cates a unique lipid distribution along the optical 


axis. Fibers at various stages of elongation and 


The avascular lens is an ideal organ for the 
study of aging. The bulk is made of concentric 
layers of fiber cells differentiated continuously 
from a single layer of epithelium underneath the 
anterior lens capsule. Since there is no fiber loss or 
turnover, lens weight and lipid content increase 


Correspondence address: Department of Ophthalmology. Re- 
search, Columbia Unversity, College of Physicians and Sur- 
geons, 630 West 168th Street, New York, NY 10032, USA 


aging are characterized by a distinct lipid content 
and composition [6]. 
Due to lens geometry and the fact that the dry 


0005-2760/87/$03 50 © 1987 Elsevier Science Publishers B V (Biomedical Division) 


weight is proportional to the volume occupied by 
the fiber layers, the inner nuclear 10% of lens mass 
containing the embryonic primary fibers has been 
estimated to account for more than 50% of the 
optical pathlength [6]. This region, identified as 
the fetal lens that hardens during the onset of 
presbyopia, is responsible for the nuclear opacifi- 
cation during senile cataractogenesis [7]. The 
cortical region of the lens contains all the meta- 
bolically active newly formed fibers and elon- 
gated fibers. It increases in proportion as the lens 
grows. Lipid changes in this region are the results 
of age-dependent changes in fiber differentiation 
and aging of mature fibers [6]. Although lipid 
alterations in lens aging have been studied with 
operationally defined lens parts [1-3], little infor- 
mation is available on the lipid changes character- 
istic of fiber cells at various stages of development 
and aging. 

In the present study, lipid analyses were carried 
out with concentric layers obtained from individ- 
ual human lenses 1.8-63 years of age. A large 
increase in lipid during the first decade of lens 
growth was observed. The disappearance of major 
phospholipids in lens nucleus reported previously 
[1,6] was found to begin in the teen years. The 
accumulated loss of these phospholipids results in 
the highest cholesterol/phospholipid ratio in the 
nuclear region of old lenses that has ever been 
observed with cell membrane lipid. An abstract of 
this paper has been presented at the annual meet- 
ing of the Association for Research in Vision and 
Ophthalmology in Sarasota, FL, May, 1985. 


Materials and Methods 


Preparation of successive fiber layers and protein 
fractions 

Normal human lenses were obtained in pairs 
from the Eye Bank for Sight Restoration, Inc. 
(New York, NY) within 24 h of death and stored 
at ~ 70°C before use. Successive concentric frac- 
tions from individual lenses were isolated by roll- 
ing the decapsulated lens on a cooled metal block 
covered with parafilm [6]. Lenses younger than 50 
years of age were frozen in liquid nitrogen and the 
procedure was performed while the lenses were 
thawing under a stream of argon. The location of 
the fractions on the lens axis is expressed as the 
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percent dry weight occupied by each fiber frac- 
tion. In Figs. 2-4 and 7, the 0% represents the 
surface, while the 100% represents the center of 
the lens. A total of 23 lenses, in the age range 
1.8—63 years, were fractionated and analyzed. 

To maintain a constant protein (dry mass) con- 
centration, lens fractions were suspended in a 
final volume of 0.3-0.5 ml water and homoge- 
nized in a 12 ml polypropylene tube with a Ross 
microemulsifier (Hauppauge, NY) at a setting of 


"3.5 fer 20 s under argon. After the removal of 


aliquots for dry weight and protein determina- 
tions, the remainder was extracted for lipid with 
chloroform /methanol (2:1, v/v) in the same tube 
[8]. The lipid extracts were dried in a Savant Vac 
concentrator (Hicksville, NY) and kept at —20°C 
until use. Solvent blanks and extractions contain- 
ing known amounts of cholesterol, protein, phos- 


` pholipid and fatty acid were run. Recoveries of 


approximately 90% were obtained in all cases. 


Dry weight and protein determination 

The dry weight was determined by heating 
10—20 ul lens homogenates in the microbalance 
aluminum pan (Cahn Instr., Cerritos, CA) at 
110°C for 4-6 h. Values obtained from duplicate 
samples are within 1.5%. Some of the samples 
were hydrolyzed in 6 M HCl and analyzed in a 
Beckman amino acid analyzer. 


Cholesterol and phospholipid determination 
Cholesterol was measured by the cholesterol 
oxidase (EC 1.1.3.6; Brevibacterium sp.) assay 
(Cholesterol kit, Boehringer, Indianapolis, IN) in 
Triton X-100 (Baker) [9]. Total phospholipid was 
determined as phosphorus after digestion of lipid 
samples with perchloric acid [10]. Individual phos- 
pholipids were identified by thin layer chromatog- 
raphy (TLC) with standards from Supelco (Be- 
llefonte, PA), on silica gel 60 TLC plates (EM 
Darmstadt, Cincinnati, OH). The plates were 
washed in the first solvent, heated to 110°C for 30 
min and then developed with two solvents in one 
dimension [11]. The first solvent contains chloro- 
form, methanol, acetic acid and water (35:15: 6:1, 
v/v), while the second 1s made of hexane, isopro- 
pyl ether and acetic acid (65:35:2, v/v). After 
charring the plates with 10% cupric sulfate in 8% 
phosphoric acid [12], the individual lipids were 
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quantitated by densitometry using an LKB-soft 
laser densitometer (LKB Instrument, Paramus, 
NJ). The detector response was calibrated with 
known amounts of standards. For the same quan- 
tity of phosphatidylethanolamine (PE), phos- 
phatidylserine (PS), phosphatidyicholine (PC) and 
sphingomyelin, the areas detected were within 
+7%. No color yield correction was made for the 
small amounts of lysoPE and lysoPS because of 
difficulty in resolving the lyso-phospholipids from 
PC in the TLC system employed. 


Fatty acid composition 

Lipid extracts were hydrolyzed in 5% sulfuric 
acid in acetonitrile/water, 9:1 [13]. Tricosanoic 
acid (Supelco) was added as internal standard for 
quantitation. Fatty acid methyl esters were pre- 
pared by heating the hexane extracts of the lipid 
hydrolysate with 3 M methanolic HCI (Supelco) at 
80°C for 20 min and analyzed by gas-lipid chro- 
matography (GLC) with an HP 5080 gas chro- 
matogram (Hewlett-Packard) as described [3]. The 
identity of the fatty acid methyl esters was estab- 
lished by a comparison with standards. 


Results 


Age dependence of total lens cholesterol and phos- 
Pholipid concentration 

The overall cholesterol and phopsholipid con- 
tents of human lenses were obtained from the sum 
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- Fig. 1. Increase in total cholesterol (@) and phospholipid (a) 
concentration (pg hpid/mg dry weight) as lens ages. Rates of 
ıncrease in cholesterol and phospholipid concentration are 1 17 
and 1.03 »g/mg per year, respectively, for the first ten years of 
lens growth. For lenses from 10 to 63 years of age, the rates are 
reduced to 0.19 for cholesterol and 0.05 for phospholipid 
Values are the averages from paired lenses, except those of 1 8, 
36 and 40 years of age. 


of lipids in the concentric fiber fractions divided 
by the total lens dry weight. The lowest cholesterol 
value of 3.8 pg/mg was observed with the youn- 
gest (1.8-year-old) lens examined (Fig. 1). This 
value was more than doubled in the 9-year-old 
lens to 9.6 ug/mg. Thereafter, the cholesterol 
content increase at a slower rate of 0.188 pg /mg 
per year. The phospholipid content also increases 
with age; in a manner similar to cholesterol, the 
major increases occurred during the first decade of 
growth. Increase after the first ten years is minimal, 
approximately 0.053 ug/mg per year. Phospholi- 
pid values obtained from lenses between 40 and 
63 years of age are within the range of experimen- 
tal variation; 16.1 + 1.6 ug/mg. 
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Fig. 2. Age-dependent changes in the concentration distn- 
bution of cholesterol. The location of the concentric fractions 
are represented as percent dry weight on the lens cortex-to- 
nucleus axis; The 0% and 100% depict the surface and center 
of the lens, respectively. Panel A: 1.8-year, +++- ; 5-year, 








; 20-year . Panel B: 31-year, 
TEREE ; 43-year, ------; 51-year, ; 63-year ow 
Except for the single 1.8-year-old, data from one of the paired 
lenses having the greater number of successive fiber fractions 
are presented. Variation in cholesterol content between the 
paired lenses ıs +7% or less for fiber fractions occupying 
comparable locations on the lens axis. Duplicate lipid de- 
terminations performed for a given lipid extract were within 
+4%. 





Age-dependent changes in the distribution of 
cholesterol 

Fig. 2 shows the distribution of the cholesterol 
level in individual human lenses from 1.8 to 63 
years of age. During the first five years of post- 
natal life, the cholesterol concentration increases 
in all lens regions, while the highest level is found 
in the cortical 10-15% of the total lens dry weight. 
In the 9-year-old lens examined, a cholesterol 
content of about 9.6 ug/mg was found with the 
cortical 10% lens dry weight. This cortical level 1s 
maintained constant until after the 4th decade of 
life where it averages to approximately 12 pg /mg 
(Fig. 2B). The cholesterol level in the nuclear 10% 
lens dry weight attained a high value Of 8.6 pg /mg 
in the 9-year-old lens; further increases in the 
nuclear cholesterol levels are small and become 
insignificant after the third decade of lens growth. 
The major accumulation of cholesterol is in the 
deep cortex (30-70% of lens cortex-to-nucleus dry 
weight axis). Thus, in lenses of 9 years of age and 
older, this region has the highest cholesterol con- 
tent. This maximal cholesterol level in the inner 
cortex increases continuously with age, up to the 
oldest lens examined, 63 years of age. The increase 
in cholesterol concentration in the deep cortex 
‘suggests the presence of another source of 
cholesterol in addition to the de novo synthesis 
that occurs in the metabolically active superficial 
cortex. This source of cholesterol is responsible for 
the observed overall increase in lens cholesterol 
content for individuals of 5 years and older. 


Age-dependent changes in the distribution of 
phopsholipid content 

The distribution of phospholipid concentration 
in the lens is characterized by a cortex-to-nucleus 
decrease in all ages studied (Fig. 3). The maximal 
phospholipid level associated with the superficial 
cortex (about 10% of total lens dry weight) in- 
creases from a value of 9.2 g/ml in the 1.8-year- 
old lens to 19.3 ug/mg in the 5-year-old lens. 
Thereafter, no further significant increase was 
found. Following a similar pattern, the phos- 
pholipid concentration in the deep cortex and 
nucleus increases continuously during the first de- 
cade of lens growth. After 9 years of age, there is 
little change in the distribution or concentration 
of phospholipid with the exception of the 63-year- 
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Fig 3. Age-dependent changes in the concentration distribu- 
tion of phospholipid The same samples as in Fig. 2 were used. 
See legend of Fig. 2 for details. 


old, that showed a somewhat higher value. In the 
nucleus (approximately 10% of total lens dry 
weight), the phospholipid values for lenses of 
31—63 years of age varies in a range of 6-9 pg /mg 
(Fig. 3B). The higher values of 10 and 11.6 pg /mg 
observed with the 9- and 20-year-old lenses (Fig. 
3A) are probably due to the use of a larger weight 
fraction to represent the nuclear region of these 
relatively ‘soft’, young lenses. 


Age dependence in the distribution of the cholesterol 
/ phospholipid ratio in the lens 

The molar cholesterol/phospholipid ratio of 
the lenses examined is shown in Fig. 4 to indicate 
changes in fiber membrane physical properties. 
All lenses except the youngest, 1.8 years, showed a 
cortex-to-nucleus increase in cholesterol /phos- 
pholipid; the magnitude of this increase becomes 
greater as the lenses age. The average value for the 
cortical 15% lens dry mass is 0.94 for lenses 20 
years of age or younger (Fig. 4A). For lenses older 
than 30 years, the average cholesterol /phospholi- 
pid ratio in this region is about 1.20 (Fig. 4B). 


50 
% Dry Weight 
Cortex ——~~#Nucleus 


Fig 4 Changes in the distribution of the cholesterol/phos- 
pholipid ratio as human lenses age The same samples as in 
Fig. 2 were used. See Fig 2 for details. 


In the deep cortex (30-70% of total lens dry 
weight), the cholesterol/phospholipid increases 
with age primarily as a result of the cholesterol 
accumulation in these deep fibers (see Fig. 2). For 
the nuclear 20% of the total lens dry mass, the 
cholesterol/phospholipid ratio increases continu- 
ously with age; from 1.15 for the 1.8-year-old to 
an average of about 3.2 for the 43-63-year-old. 
Beyond the age of 30 years, the increases in 
cholesterol/phospholipid ratio were observed 
primarily in the nuclear region, especially the in- 
nermost 10% of total lens dry weight. The highest 
cholesterol/phospholipid value of 4.1 was ob- 
served in the nuclear 6% of the 63-year-old lens. A 
small nuclear fraction was not obtained from 
younger lenses. A high cholesterol /phospholipid 
ratio of 3.2 has been reported previously for 1 
72-year-old nucleus [4]. 


Age-dependent changes in phopsholipid composition 
in individual lenses 

The phospholipid compositions of the lipid ex- 
tracts isolated from concentric lens fractions were 





ISy By 
CN 
CO COS OC Oe @ — -CHO 


—™ pce 
re lie siete p NN tne ~~ Saal Saal 


ee © ee šo @e OF im -PE 
y fret i 
ee & @ Geers # —PC 
RRR ES 
; ® “LPC 
o E l - 
i 2 3 45 | 23 4 STD 


Fig. 5 Thin layer chromatography of lipids isolated from the 
fiber fractions of a 5-year-old (Sy) and a 19-year-old (19y) lens. 
The numbers represent successive fractions from the cortex to 


. the nucleus of the lens Standard lipids are; CHO, cholesterol; 


PE, phosphatidylethanolamine; PS, phosphatidylserine (Fig 
6); PC, phosphatidylcholine; SPM, palmitoyl and nervonyl 
sphingomyelins; and LPC, lysoPC. LPE, lysoPE (Fig 6) and 
lysoPS (not shown) migrate closely with PC 


analyzed by TLC developed with two solvent sys- 
tems in one dimension. One lens at each age in the 
range of 1.8-63 years, shown in Fig. 1, was 
analyzed. Selected examples are shown in Figs. 5 
and 6. The major phospholipids are the PE, PS 
and sphingomyelins. The sum of these three phos- 
pholipids accounts for greater than 70% of the 
total. From the youngest, 1.8-, to the 5-year-old 
lenses, the phospholipid composition remained the 
same throughout the entire lens, as indicated by 
that of the 5-year-old lens in Fig. 5. The relative 
abundance of PE, PS and sphingomyelin is main- 
tained at 36.5, 15.0 and 27.5%, respectively, based 
on densitometry of the charred TLC plate (Fig. 7). 
In the 19-year-old lens examined, a decrease in the 
nuclear PE levels and a low PS content in all the 
fractions became apparent. A cortex-to-nucleus 
decrease in PE was also observed with the 31-year- 
old lens (data not shown). In 40-year and older 
lenses, both PE and PS disappeared almost com- 
pletely from the deep cortical and nuclear frac- 
tions (Fig. 6). The decrease in PE and PS was 
compensated for by a relative increase in SPM, as 
shown in Fig. 7, The increase in the intensity in 
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Fig 6. Thin layer chromatography of lipids isolated from 
consecutive fractions from a 40-year-old (40y) and a 63-year-old 
(63y) human lens Experimental conditions and abbreviations 
used are the same as in Fig. 5. Phosphatidylinositol (PI) was 
included in the standard hpids 


the lysoPE, lysoPS regions in the nuclear fibers of 
lenses older than 40 years indicates the breakdown 
of the corresponding phospholipids as reported 
previously by Broekhuyse [1]. In the 63-year-old 
lens, the changes in phospholipid composition oc- 
curred in the cortical region corresponding to 18% 
of total lens mass. It is interesting to note that 
trace amounts of PE and PS remain in the nuclear 
fractions of the 63-year-old lens. 
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Changes in the distribution and composition of fatty 
acids in aging lenses 

The fatty acid acyl chain of the phospholipid 
also determines the physical properties of the 
membrane lipid. Saturated fatty acids having a 
higher melting temperature increase the rigidity of 
the lipid. Fatty acid methyl esters obtained by 
transesterification of the lipid extracts from lens 
regions were analyzed by GLC and the relative 
composition for 5-, 20-, 42- and 62-year-old lenses 
are given in Table I. The data indicate that three 
major fatty acids, palmitic (16:0), oleic (18:1) 
and nervonic (24:1), accounted for more than 
90% of the total. Several minor components were 
observed as reported [3,4] and only stearic acid 
(18:0) could be found with reasonable reproduci- 
bility. The decrease in the abundance of 18:1 in 
deeper fibers of lenses 20 years of age and older 
conforms with the disappearance of PE and PS 
shown by the TLC data in Figs. 5 and 6. The 
increase in 16:0 and 24:1 is due to the relative 
increase in sphingomyelin. 

The level of fatty acid saturation in lens fiber 
lipid was maintained at about 40% for the entire 
lens. The cortex-to-nucleus decrease in 18:1 is 
compensated for by a corresponding increase in 
24:1. The results suggest that the average acyl 
chain saturation remains almost unchanged 
throughout the lens as well as during aging and 
therefore does not contribute significantly to the 
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Fig 7 Relative phospholipid composition of human lens fiber fractions from densitometric scanning of the TLC plates shown in 
Figs. 5 and 6. The percentages of the major phospholipids, PS ------ s PE and sphingomyelin (SPM) , in the 
consecutive lens fractions (indicated by numbers) are given as a function of the location of the fractions on the lens dry weight axis 
Panel A, 63-year; B, 40-year; C, 19-year; and D, 5-year-old lens 
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TABLE I 


PERCENT FATTY ACID COMPOSITION IN HUMAN 
LENS PARTS 


Fatty acids were determined as the methyl esters by GLC after 
hydrolysis of the lpid extracts with 5% sulfuric acid in 
acetonitrile /water 9:1 and esterification with methanolic HCI 
Values are means of three to five determinations. S D. is 9% 
except for 18:0 where it is 19% The outer cortex represents 
the outermost 18-28% of the total lens dry weight while the 
nucleus the innermost 15-20 and 30-35%, respectively, of the 
42- and 62-, and 5- and 20-year-old lenses The inner cortex 
represents 25-35% of total lens mass intermediate between the 
cortex and nucleus. 


Fatty acid 

Lens age (years):section 16:0 18:0 18.1 24:1 
5: outer cortex 28 9 111 48.3 117 
inner cortex 31.5 14.8 444 93 
nucleus 291 99 48 0 130 

20: ounter cortex 26 1 8.1 45.2 20 6 
inner cortex 31.0 77 32.8 285 
nucleus 435 74 19.6 296 

42: outer cortex 29.2 12.2 41 4 17.2 
inner cortex 328 67 33.0 275 
nucleus 433 62 172 33 3 

62: outer cortex 32 6 88 35.7 228 
inner cortex 41.2 5.2 256 28.0 
nucleus 47.4 47 9.5 384 


age-dependent increase in the rigidity of fiber 
membrane lipid. 


Discussion 


High cholesterol content in lens membrane lipid 
The molar cholesterol/phospholipid ratio are 
exceedingly high in lens fibers and most of the 
lipids are in the plasma membrane (see Refs. 4 
and 5 for a review). A high cholesterol/ 
phospholipid value of 3.2 was reported previously 
for a 72-year-old nucleus [4]. In the nucleus of the 
63-year-old a value of 4.0 was observed (Fig. 4). 
Other cell membranes have considerably lower 
cholesterol content [14]. The highest known value 
of 1.32 was observed with myelin [15]. The much 
lower aqueous solubility of cholesterol compared 
to phospholipid serves to insulate the nerve fiber 
for the transduction of electric pulses. The high 
cholesterol concentration in lens membrane sug- 


gests a cholesterol molecular organization other 
than the configuration with the 3’-OH spanning 
the acetyl region, with the rigid non-polar ring in 
the hydrocarbon interior of the phospholipid bi- 
layer [16]. The tendency of cholesterol to aggre- 
gate into clusters at a cholesterol/ phospholipid 
ratio of greater than 0,3 [17] suggests that lamellar 
packing of cholesterol into mono- or multi-layers 
is the preferred molecular orientation. The low 
lipid content of the lens [4,6] necessitates an effi- 
cient packing of the enveloping lipid material. The 
dimension observed for the fiber cell membrane is 
in the range of 5—7 nm, comparable to that ob- 
served with other cells [18,19]. These results sug- 
gest that mono- or bi-layer cholesterol may char- 
acterize the unique structure of fiber memrbane. 


Embryonic (primary) versus postnatal (secondary) 
lens fiber cells 

Since new fiber cells are added to lens periph- 
ery continuously throughout life while the mature 
and nuclear cells are metabolically rather inactive, 
the age-dependent increase in total lipid con- 
centration reflects changes brought about by the 
newly formed secondary fibers, i.e., they are char- 
acterized by a higher lipid content than that of the 
embryonic primary fibers. The lipid data shown in 
Figs. 1, 2 and 3 as well as those on phospholipid 
from lens parts by Broekhuyse [1] support this 
contention. Furthermore, since mature fibers con- 
tain low concentrations of internal organelles and 
most lens cholesterol and phospholipid is associ- 
ated with plasma membrane [4,20], the higher 
lipid content of the newly formed fibers indicates 
the availability of a greater amount of enveloping 
material for the cell mass. These results suggest 
that the volume (size) of the secondary fibers is 
smaller than that of the primary fibers or that 
their membrane structures are different. Micro- 
scope examination of adult rabbit lenses showed 
the large size of the primary nuclear fibers [19]. 


Changes in the differentiation of lens epithelium 
during the first ten years of lens growth 

The large increase in total lipid concentration 
during the first decade of lens growth is due to the 
large increase in both cholesterol and phospholi- 
pid concentration in the newly formed cortical 
fibers (Figs. 2A and 3A). An early study suggests 


that the period of rapid phospholipid increase 
extends well beyond into the third decade of lens 
growth [1]. This discrepancy may be due to the use 
of lens wet weight in estimating lipid concentra- 
tions while the lens water content decreases much 
faster in the young than old lenses [21]. These 
lipid increases reflect changes in the formation of 
secondary fibers from the differentiating epi- 
thelium during the first ten years of postnatal life. 

Morphologically, a reduction in the volume 
(size) of the new fibers during early postnatal life 
was reported [18]. The cholesterol /phospholipid 
ratio, a measure of membrane rigidity, remains 
almost unchanged during this period of.rapid lens 
growth, ranging from 0.8 to 1.2 for the cortical 
region. The large variation may be due to the 
inclusion of a greater number of mature fibers 
having a higher cholesterol content in the older 
cortex. These results suggest that the transport 
and/or cell-to-cell communication requirement(s) 
of the newly formed fibers remain relatively con- 
stant despite the reduction in cell volume. The 
greater variation in the cortical cholesterol /phos- 
pholipid ratio observed with 30-year or older lenses 
(Fig. 4B) may reflect the decrease in the relative 
contribution of the superficial cortex, having the 
lowest cholesterol /phospholipid ratio, to the total 
lens mass. 


Accumulation of membrane cholesterol in inner 
cortex 

That the inner cortical fibers have the highest 
cholesterol level can be detected as early as in the 
9-year-old lens (Fig. 2A). This high cholesterol 
level becomes even greater as lens ages. Similar 
high levels of cholesterol accumulation in brain 
tissue during early childhood have been reported 
[22] and suggest a possible regulatory function of 
this lipid during lens development in addition to 
its role as a fiber membrane structural component 
(see Ref. 14 for a review). Changes in protein 
polypeptides in the same inner cortex region have 
been described [23] to indicate that this is the 
region where metabolic activities associated with 
fiber development and elongation (maturation) 
have almost stopped. 


Nuclear protein insolubilization occurred after age- 
dependent phospholipid changes 
The age-dependent disappearance of PE and 
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PS and the concurrent increase in the relative 
amount of sphingomyelin in human lens nucleus 
appears to be a complex process. The data in Fig. 
5 indicate that while PS has almost completely 
disappeared from the nucleus of a 19-year-old 
lens, high levels of nuclear PE remained. The high 
nuclear PS levels found for 20- and 32-year-old 
lenses by Broekhuyse [1] may be due to the use of 
the inner 30% wet weight to represent the nuclear 
region. In the 40-year-old lens, the PE can no 
longer be detected in the nucleus. Since these are 
normal and transparent lenses, the destruction of 
PS and PE and the consequent membrane fluidity 
alterations [15] do not appear to result in lens 
opacification. On the other hand, analyses of the 
proteins from the concentric fiber fractions [23] 
did show a rather small increase in nuclear protein 
insolubilization in 40-year-old lenses. A large in- 
crease in water-insoluble protein was found in 
50-year or older lenses without further change in 
PS and PE. These results indicate that the nuclear 
lipid changes precede those of the proteins and 
that membrane lipid changes may be a prere- 
quisite for nuclear protein insolubilization re- 
sponsible for the hardening of lens nucleus, This 
possibility is currently under investigation. 
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Glucocorticoid-induced elevation of serum high-density lipoprotein-cholesterol 
and its reversal by adrenocorticotropim in the rat 
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The effect of administration of a high dose of glucocorticoid (triamcinolone) on serum lipids and lipoproteins 
was studied in rats. Changes in serum lipids, especially cholesterol, were most marked when 5 mg / kg body 
weight of triamcinolone was injected daily for 5 days. Serum lipoproteins were separated by ultracentrifuga- 
tion followed by gel-filtration chromatography. Cholesterol distribution between apolipoprotein B-containing 
lipoproteins (very-low-density and low-density lipoproteins), high-density lipoprotein, (HDL,), and HDL, 
was determined after administration of triamcinolone with or without additional treatment with adrenocorti- 
cotropin (ACTH; Cortrosyn, 6 IU /rat). When triamcinolone was administered, cholesterol concentrations 
in HDL, and HDL, were elevated in a dose-dependent manner, but there was no significant change in 
apolipoprotein B-containing lipoprotein cholesterol levels. When ACTH was administered in combination 
with triamcinolone, the concentrations of all serum lipids except triacylglycerol were significantly lowered 
compared with rats treated with triamcinolone alone. HDL-cholesterol concentration in serum was 
significantly (P < 0.001) lowered from 69 + 13 mg /dl (mean + S.D.) in triamcinolone-treated rats to 36 + 4 
mg/dl by the administration of ACTH plus triamcinolone. The additional administration of ACTH in 
triamcinolone-treated rats caused a slight, but significant, decrease in cholesterol concentration in 
apolipoprotein B-containing lipoproteins; however, HDL,-cholesterol level was not significantly affected, 
although there was a tendency for it to be lowered. 


Introduction 


Administration of glucocorticoids can cause hy- 
perlipidemia both in man [1] and in other animal 
species, including rats [2~5]. The pattern and ex- 
tent of hyperlipidemia varies depending on the 
dosage of glucocorticoids and on the animal 
species. It has been reported that rats maintained 
on a low dose of triamcinolone (0.5 mg/kg body 
weight) showed a 2-fold increase in serum tri- 
acylglycerol concentration, while a high dose of 
triamcinolone (over 5 mg/kg) produced an in- 
crease in serum cholesterol and high-density lipo- 
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protein (HDL), without much change in serum 
triacylglycerol and very low density lipoprotein 
(VLDL) concentrations [5]. Cole et al. [6] reported 
that the concentration of plasma HDL lipid and 
protein tended to be elevated following de- 
xamethasone treatment in the rat. 

HDL is the major lipoprotein component trans- 
porting serum cholesterol in rats [7-9]. Lipopro- 
tein cholesterol, rather than cholesterol newly 
synthesized in the glands, is the major substrate 
for the production of steroid hormones in the 
adrenal gland, ovary, and testis of the rat. These 
three endocrine glands preferentially take up and 
utilize HDL cholesterol for steroidogenesis in rats 
[10], although bovine adrenal cells predominantly 
utilize low-density lipoprotein (LDL) cholesterol 
[11]. 
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Treatment with excessive glucocorticoids in ex- 
perimental animals would suppress ACTH secre- 
tion and would lead to a reduction in the uptake 
of cholesterol from lipoproteins by adrenal cortex. 
Therefore, the present study was undertaken to 
obtain additional information concerning the 
changes 1n rat serum lipoproteins caused by treat- 
ment with a high dose of triamcinolone with or 
without additional administration of ACTH, 
primarily focusing on HDL subfractions. Lipopro- 
tein classes were separated using agarose gel-filtra- 
tion chromatography after preparing the total 
lipoproteins by means of a vertical ultracentnfu- 
gation. 


Materials and Methods 


Animals and treatments 

Normally fed, male Wistar rats weighing 
280—370 g were used. Triamcinolone diacetate was 
given for 1-5 days by a daily subcutaneous injec- 
tion of 0.1 mi (0.25 or 2.5 mg triamcinclone/ ml) 
per 100 g body weight. Where indicated, rats were 
treated with ACTH (tetracosactide acetate, 
Cortrosyn; 6 JU /rat) given subcutaneously daily 
for 5 days. Control animals were injected with the 
same volume of saline instead of the drugs. Blood 
was drawn from the aorta under light ether 
anesthesia. Animals were fed ad lib. before blood 
collection. 


Isolation of lipoproteins 

Blood was allowed to clot at 5°C for approx. 3 
h, and serum was separated by centrifugation. 
Sera from several animals of the same treatment 
groups were pooled and subjected to the isolation 
procedures described as previously [12]. Briefly, 
the density of the sera was raised to 1.225 g/ml by 
additions of solid KBr, EDTA-Na,, and 5,5’-di- 
thiobis-2-nitrobenzoic acid [13]. Then the solution 
was centrifuged in a Hitachi 70P-73 ultracentri- 
fuge with a vertical rotor (RPV-50T). The floated 
lipoproteins were collected by pipetting. Recovery 
of lipoproteins under these conditions was more 
than 95% in terms of cholesterol. The Lpoprotein 
solutions were diluted to about 3-fold with 0.15 M 
NaCl/5 mM Tris-HC1/0.27 mM EDTA/3 mM 
NaN, (pH 7.4) and concentrated to 3-4 ml by 
ultrafiltration with an Amicon filter membrane 


(XM-50). The lipoprotein concentrate was then 
applied to an agarose gel chromatography column. 
The column (1.9 x95 cm) consisted of Bio-Gel 
A50m, and was equilibrated and eluted with the 
same buffer described above at 10°C. The ab- 
sorbance at 280 nm of the effluent was read for 
each fraction. Lipoproteins were separated into 
three major fractions (Fig. 1). Fraction I was 
composed of chylomicrons (if any) and large 
VLDL with pref8-mobility, and fraction II con- 
tained VLDL (pre-$-migrating) and LDL (f- 
migrating). The major component of the third 
peak, fraction II, was composed of lipoproteins 
with a-mobility. Lipoproteins with B-mobility were 
also found in this fraction, with small amount of 
contaminating albumin. Therefore, fractions cor- 
responding to the third peak were pooled, con- 
centrated to approx. 3.5 ml, and subjected further 
to Bio-Gel A5m column chromatography (Fig. 2). 
The column (1.5 x 95 cm) was eluted at 10°C 
with the same buffer as used for Bio-Gel A5Om 
column chromatography. The absorbance at 280 
nm of the effluent was continuously monitored. 


Lipid and protein analyses 

Total and free cholesterol in serum and in 
lipoprotein fractions were determined by an en- 
zymatic method [14] using commercial kits 
purchased from Kyowa Medex Co. Ltd. (Tokyo, 
Japan). Cholesteryl ester was estimated as the 
difference between the total and the free 
cholesterol. Triacylglycerol [15] and phospholipid 
[16] was quantitated as described previously [12]. 
Protein was determined by the method of Lowry 
et al. [17] as modified by Markwell et al. [18]. 


Other procedures 

Agarose gel electrophoresis was carried out by 
using Corning Universal Electrophoresis Film 
from Corning ACI (Palo Alto, CA, U.S.A.) in 0.05 
M barbital buffer (pH 8.6), and lipoproteins were 
stained with Fat Red 7B. Sodium dodecyl sulfate 
(SDS) polyacrylamide gel electrophoresis was per- 
formed by the method of Weber and Osborn [19] 
after lipoproteins had been delipidated according 
to Scanu and Edelstein [20]. Protein standards of 
known molecular weight were run. The molecular 
weight standards employed were cytochrome c 
(12500), chymotrypsinogen A (25000), hen egg 


albumin (45000) and bovine serum albumin 
(68 000) obtained from Boehringer-Mannheim 
(F.R.G.). The gels were stained with 0.25% 
Coomassie brilliant blue R in CH,OH/CH,CO- 
OH/ H,O (46:9:45, v/v) and destained in 7.5% 
acetic acid in 5% methanol. Serum HDL- 
cholesterol were determined also by phosphotung- 
state-Mg?*/ dextran sulfate-Mg** precipitation 
method using a test kit ‘Determiner HDL’ ob- 
tained from Kyowa Medex Co. Ltd. (Tokyo, 
Japan). 


Results 


In preliminary experiments, rats were injected 
with triamcinolone in a dose of 5 mg/kg body 
weight for 1, 3 and 5 days, and serum lipids and 
HDL-cholesterol were determined. Serum total 
and free cholesterol continued to increase with the 
duration of triamcinolone treatment. Phospholipid 
and HDL-cholesterol were also elevated, though 
less marked than cholesterol, and these lipids 
reached maximal levels after 3-5 days of treat- 
ment. Serum triacylglycerol concentration was 
eventually unaffected, although it decreased tem- 
porarily after 1 day treatment. Thus, in later ex- 
periments animals were treated with triamcinolone 
for 5 days. 

Table I shows the changes induced by increas- 
ing the amount of triamcinolone doses in serum 
lipids and HDL-cholesterol. Total and free choles- 
terol, phospholipid, and HDL-cholesterol levels 


TABLE I 
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were gradually elevated by the injection of increas- 
ing amount of triamcinolone doses, reaching al- 
most a maximal level in a dose of 5 mg/kg body 
weight. Serum triacylglycerol concentration was 
unaffected again by the triamcinolone treatment. 

Fig. 1 shows that the d< 1.225 g/ml fractions 
(total lipoproteins) were separated roughly into 
three fractions by gel-filtration chromatography 
on Bio-Gel A50m. As described under ‘Materials 
and Methods’, fractions I and II contained lipo- 
proteins of non-HDL species or collectively named 
apolipoprotein B-containing lipoproteins. Fraction 
I was composed of mostly a-lipoproteins (or 
HDL species) and minor amount of £-lipopro- 
teins. 

When lipoproteins of fraction III were further 
subjected to Bio-Gel A5m column chromatogra- 
phy, lipoproteins were separated into two major 
subfractions, IH-1 and III-2, although the sep- 
aration was incomplete (Fig. 2). Subfractions III-1 
and III-2 were collected and subjected to further 
analyses. Fig. 3 shows the electrophoretograms of 
the lipoproteins separated on agarose gel. In con- 
trol animals, subfraction IIJ-1 contained both a- 
and f-lipoproteins, while subfraction JIJ-2 was 
composed of only a-lipoprotein. In triamcinolone- 
treated rats, 8-lipoprotein in subfraction III-1 de- 
creased as increasing amount of triamcinolone 
was administered, and was almost absent when it 
was injected in a dose of 5 mg/kg body weight. 
Subfraction III-2 from triamcinolone-treated rats 
was also composed of only a-lipoprotein. 


CHANGES IN SERUM LIPIDS AND HDL-CHOLESTEROL AFTER 5 DAYS OF TREATMENT WITH INCREASING 


DOSES OF TRIAMCINOLONE 


Values are mg/dl, means + S D., for eight rats in each group. HDL-cholesterol was determined by precipitation method. P values 


were obtained by Student’s t-test. n.s., not significant. 


Triamcinolone Total Free 

dose (mg/kg) cholesterol cholesterol 

A 0 59+ 6 14+ 4 

B 0.5 96+16 28+ 6 

C 50 163 +35 56415 

D 100 175+ 23 60412 

P values for 
A vs. B < 0.001 < 0001 
Bys C < 0.001 < 0001 
Cvs. D n.s n.s 


Phospho- Triacyl- HDL- 
lipid glycerol cholesterol 
11514 1474+60 38+3 

162 + 26 129+ 24 57+6 

236 + 56 129+ 58 72+8 

240 + 23 129+ 82 78+6 

< 0.001 n s$. < 0.001 

< 0.005 n.s < 0.001 
n.s ns n.s 
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Fig. 1 The elution patterns of total lipoproteins (d <1 225 
g/ml) on a 19X95 cm column of Bio-Gel A50m 3-4 ml of 
concentrated lipoprotein solution corresponding to 18-22 ml 
of serum was applied to the column and approx. 3.5-ml frac- 
tions were collected. Lipoproteins were separated into three 
fractions, I (eluting at approx 85-124 ml), II (eluting at 
approx. 124-182 ml), and III (eluting at approx 182-265 ml) 
as indicated in the figure, which were quantitatively collected 
and cholesterol mass was determined for each lipoprotein 
fraction The last (fourth) peak represents 5,5’-dithiobis-2- 
nitrobenzo:c acid which was added to the sera during the 
lipoprotein isolation procedure. (A) Control rat, (B) tr- 
amcinolone (0.5 mg/kg) treated rat; (C) triamcinolone (5 
mg/kg) treated rat. 


Table II depicts the chemical compositions of 
fraction III lipoprotein subfractions separated by 
gel-filtration chromatography on a Bio-Gel A5m 
column (Fig. 2). Although subfraction III-1 from 
saline-treated control rats was found to be com- 
posed of both a- and £-lipoproteins on agarose gel 
electrophoresis, the chemical composition was 
rather similar to subfraction HI-2 lipoprotein 
which was composed of almost exclusively a-lipo- 
proteins. When increasing amount of triamcino- 
lone was administered to the animals, the relative 
contents of cholesteryl ester, free cholesterol and 
phospholipid increased and the relative content of 
protein decreased in subfraction III-1 lipoprotein. 
The chemical composition of subfraction II-I 
lipoprotein from rats injected with triamcinolone 
in a dose of 5 mg/kg body weight is similar to 
that of rat HDL, isolated by density gradient 
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Fig 2. The elution patterns of fraction III lipoproteins from 
Bio-Gel A50m column chromatography on a 15X95 cm col- 
umn of Bio-Gel A5m 3-35 ml of concentrated fraction III 
lipoprotein solution was applied to the column and approx 
2 5-ml fractions were collected. Lipoproteins were separated 
into subfractions III-1 (eluting at approx. 105-120 ml) and 
III-2 (eluting at approx 120-140 ml) as indicated in the figure, 
which were quantitatively collected and cholesterol mass was 
determmed for each lipoprotein fraction. (A), control rat; (B), 
triamcinolone (0.5 ml/kg) treated rat, (C), triamcinolone (5 
mg/kg) treated rat. 


centrifugation [21-23]. The chemical composition 
of subfraction III-2 lipoproteins from either con- 
trol or triamcinolone-treated rats is also similar to 
HDL.,. It has been reported that the rat com- 
pletely lacks HDL, [22]. 

Fig. 4 shows the apolipoprotein patterns of 
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Fig. 3. Agarose gel electrophoresis of lipoproteins from control 
rats (lanes 1-3), tnamcinolone (0.5 mg/kg) treated rats (lanes 
4—6) and triamcinolone (5 mg/kg) treated rats (lanes 7-9). 
Lanes 1, 4 and 7= fraction HI lipoproteins from Bio-Gel 
A50m column chromatography, lanes 2, 5 and 8 = subfraction 
III-1 lipoproteins; lanes 3, 6 and 9 = subfraction III-2 lipopro- 
teins. 
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TABLE II 
CHEMICAL COMPOSITION OF FRACTION II LIPOPROTEIN (HDL) SUBFRACTIONS 


Values are means+S D for the number of experiments indicated ın parentheses Four to eight rats were used in each experiment 


Treatment Sub- Components (% by weight) 
Magnon tnacyl- cholesteryl free phospholipid protein 
glycerol ester cholesterol 
Salıne (5) I-11 67409 170+1.5 5.3 +0.9 272442 43 8+5.3 
HI-2 16+07 148+06 32+0.3 319+15 487+11 
Tnamcinolone (5) IlI-1 40411 180415 624155 35341.8 366428 
(0.5 mg/kg) 
III-2 1.8+0.8 13.7403 34+0.3 35 642.0 45.44 1.6 
Triamcinolone (7) Il-1 2.2+0.9 19211 9.441.3 39 943.2 29.4+3.9 
(5.0 mg/kg) 
III-2 1.3405 148+06 45+03 37 5+1.3 41.9+0.9 
Tnamceinolone (4) -1 190.3 18.2 +0.7 92414 40 040.8 30.7 + 2.7 
(5 0 mg/kg) 
+ ACTH (6 IU) III-2 03401 14841.4 4.2+0.6 380+1.9 427+38 
ACTH (6 IU) (3) II-1 25+0.8 19.5+23 6.6+1.0 39 842.7 ct he g E 
NI-2 0.4+01 145+10 32404 373427 447+30 


subfractions JJI-1 and III-2 lipoproteins from con- 
trol and triamcinolone (5 mg/kg)-treated rats. In 
subfraction III-1 lipoproteins both from control 
and triamcinolone-treated rats, apolipoprotein E 
was preponderant over apolipoprotein A-I. Apo- 
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Fig. 4. Sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis of apolipoproteins of subfractions HI-1 and III-2 
lipoproteins from control (gels 1 and 2) and from triamcino- 
lone (5 mg/kg)-treated rats (gels 3 and 4) Gels 1 and 3= 
subfractions II-l; gels 2 and 4=subfractions III-2. apo, 
apohpoprotein 


lipoprotein A-I was the major component in sub- 
fraction III-2 lipoproteins from both control and 
triamcinolone-treated rats. 

On the basis of these observations presented 


, above, subfractions HI-1 and III-2 lipoproteins 


were here designated HDL, and HDL,, respec- 
tively. 

It was attempted to determine the cholesterol 
distribution among the lipoprotein subfractions. 
This was accomplished by estimating the 
cholesterol mass in the pooled fractions eluted 
from gel filtration chromatography columns, Frac- 
tion I plus II lipoproteins which correspond to 
chylomicrons (if any), VLDL and LDL were 
pooled collectively. Table III shows the results of 
these experiments. The triamcinolone treatment 
showed no significant changes in the cholesterol 
concentrations in fraction I plus H (VLDL plus 
LDL). HDL-cholesterol concentration was 
elevated by the administration of triamcinolone in 
a dose-dependent manner, and the increase was 
probably more than 5-fold compared with the 
control level when triamcinolone in a dose of 5 
mg/kg body weight was administered, since LDL 
contributed considerably to the cholesterol con- 
centration in subfraction HI-1 from control 
animals. The administration of triamcinolone in a 
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TABLE III 


CHOLESTEROL CONCENTRATIONS IN LIPOPROTEIN (SUB)FRACTIONS FROM CONTROL AND TRIAMCINOLONE- 


TREATED RATS 


Values are means+§.D for the number of experiments given ın parentheses. Five rats were used in each experiment P values were 


obtamed by Student’s t-test n.s, not significant 


Treatment 
Fraction I+ i 
(VLDL+LDL) 
A Saline (3) 16.5437 
B Tnamcinolone 
(0.5 mg/kg) (4 213473 
C Tramemolone 
(50 mg/kg) (4) 1894+30 
P values for 
Avs. B n.s. 
Avs. C ns. 
B vs. C n.s. 


dose of 0.5 mg/kg body weight did not make any 
significant change in the concentration of HDL,- 
cholesterol compared with control rats. When a 
dose of 5 mg/kg was given, HDL.-cholesterol 
concentration increased about 2-fold compared 
with the control level. Results shown in Table III 
indicate that the hypercholesterolemia induced by 
the administration of triamcinolone to rats was 
derived almost entirely from the elevation of 
cholesterol concentration in HDL fractions. 

The effect of ACTH administration on the 


TABLE IV 


Cholesterol ın lipoprotein (sub) fractions (mg/d!) 


Subfraction IIJ-1 
(HDL,) 


Subfraction Il-2 
(HDL,) 


12.0+6.3 34,.2+ 7.0 
28 747.1 435423 
58.1 4+ 8.4 73.34113 
< 9.025 n.s. 

< 0.001 < 0.005 

< 0005 < 0005 


distribution of cholesterol among the lipoprotein 
fractions was investigated, since chronic adminis- 
tration of ACTH has been shown to increase the 
transfer of cholesterol from HDL into rat adrenal 
glands [24]. Control rats were injected with the 
same volume of vehicle solution (saline) as used 
for the hormone-treated animals. 

Table IV shows the changes in serum lipids and 
HDL-cholesterol levels induced by administration 
of triamcinolone alone, triamcinolone plus ACTH, 
or ACTH alone. When both ACTH and tri- 


CHANGES IN SERUM LIPIDS AND HDL-CHOLESTEROL INDUCED BY ADMINISTRATION OF TRIAMCINOLONE, 


ACTH, AND THEIR COMBINATION 


Rats were wnjected with triamcinolone (5 mg/kg b wt.) or ACTH (Cortrosyn, 6 TU//rat) alone, or the two hormones in combination 
for 5 days. HDL-cholesterol was determined by precipitation method. Values (mg/dl) are means+SD. for the number of rats 
indicated ın parentheses P values were obtained by Student’s t-test. ns, not significant 





Treatment Total Free 
cholesterol cholesterol 
A Triamcinolone 157+17 (8) 49+7 (8) 
B Tnamcinolone 
+ACTH 104+12 (6) 31+4 (6) 

C ACTH 67+ 8(4) 18+3 (4) 
D Saline 61+12 (5) 15 +3 (5) 
P values for 

A vs. B < 0.001 < 0.001 

B vs. C < 0.001 < 0.001 

Cvs D n.s. n.s. 

Avs D < 0.001 < 0.001 


Phospho- Triacyl- HDL- 
lipid glycerol cholesterol 
283 +31 (7) 92 + 40 (8) 73+15 (7) 
214412 (5) 58+18 (6) 56+ 5 (5) 
154413 (3) 92 +27 (4) 40+ 5 (3) 
132 +15 (4) 87417 (5) 37+ 74 
< 0.001 ns. < 0.05 

< 0001 <005 < 0.005 
n.s. ns n.s 

< 0 001 n.s < 0.005 


amcinolone were administered, the serum levels of 
total and free cholesterol, phospholipid and 
HDL-cholesterol were intermediate between those 
from control rats and from animals treated with 
triamcinolone alone. The administration of ACTH 
alone produced no change in serum lipids and 
HDL-cholesterol levels by itself, when compared 
with the saline-treated control rats. Serum tri- 
acylglycerol concentrations were unaffected again 
by any treatment except when both triamcinolone 
and ACTH were administered, where the tn- 
acylglycerol level tended to be lowered. 

The elution patterns of the d< 1.225 g/ml 
fraction (total lipoproteins) from ACTH-treated 
rats and from rats injected with triamcinolone 
plus ACTH were essentially similar to those from 
saline-treated control rats and from triamcinolone 
(5 mg/kg)-treated rats, respectively. The electro- 
phoretograms of lipoproteins on agarose gel were 
also similar to those shown in Fig. 3 (data not 
shown). 

The administration of ACTH in triamcinolone- 
treated rats did not induce any significant al- 
terations in chemical compositions of HDL, (sub- 
fraction III-1) and HDL, (subfraction III-2) (Ta- 
ble ID). In rats treated with ACTH alone, the 
chemical compositions of HDL, and HDL, (sub- 
fractions III-1 and III-2 in Table II, respectively) 
were very similar to those from rats treated with 


TABLE V 
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triamcinolone (0.5 or 5 mg/kg). 

Table V shows the cholesterol concentrations in 
lipoprotein fractions from these various groups of 
rats. When rats were injected with ACTH in ad- 
dition to triamcinolone, the cholesterol concentra- 
tion in HDL, was significantly (P < 0.001) re- 
duced from 69 mg/dl in the triamcinolone-treated 
rats to 36 mg/dl in the animals treated with 
triamcinolone plus ACTH. In contrast, no signifi- 
cant difference in the cholesterol concentration in 
HDL, was found between the groups of rats in- 
jected with triamcinolone plus ACTH and rats 
treated with triamcinolone alone, although the 
former group tended to have a lower concentra- 
tion of HDL,-cholesterol than the latter. The 
cholesterol concentrations in HDL, and HDL, 
from rats injected with triamcinolone plus ACTH 
were both significantly higher than those from 
either ACTH-treated or control rats. 
ACTH-treated rats had significantly higher 
cholesterol concentration in HDL, than control 
rats, but in other lipoprotein fractions no signifi- 
cant difference in the cholesterol concentration 
was found between the two groups of animals. 

The free cholesterol to phospholipid ratios in 
HDL, and HDL, are shown in Table VI. HDL, 
had a significantly higher free cholesterol-to-phos- 
pholipid ratio than HDL, within each group of 
rats. Also, HDL, from both triamcinolone- and 


CHOLESTEROL CONCENTRATIONS IN LIPOPROTEIN (SUB)FRACTIONS FROM RATS TREATED WITH TRI- 


AMCINOLONE, ACTH, AND THEIR COMBINATIONS 


Rats were injected with tnamcinolone (5 mg/kg b.wt.) or ACTH (Cortrosyn, 6 [U/rat) alone, or the two hormones in combination 
for 5 days. Values are means + S.D. for the number of experiments indicated ın parentheses Three to sıx rats were used in each 
experiment. P values were obtained by Student’s t-test. n.s., not significant 


Treatment Cholesterol ın lipoprotein (sub)fractions (mg/dl) 
Fraction I+ II Subfraction [II-1 Subfraction ITI-2 
(VLDL+LDL) (HDL,) (HDL 3) 
A Triamcinolone (8) 17.6426 68 9+132 70.24110 
B Tnamcinolone 
+ ACTH (5) 13.1429 35.944.4 56.6413 5 
C ACTH (4) 11.7431 21.0+2.3 34.64 3.7 
D Sahne (5) 14.3+ 5.1 13.7454 33.1 + 5.9 
P values for 
Avs B < 0.025 < 0.001 n.s 
Bvs C n.s < 0001 < 0.025 
C vs. D n.s. < 0.05 n.s 
A vs. D ns <0001 < 0001 
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TABLE VI 


FREE CHOLESTEROL-TO-PHOSPHOLIPID RATIO IN 
HDL SUBFRACTIONS 


Treatment of rats was the same as described in Table V. Values 
are means +5S.D. for the number of experiments indicated ın 
parentheses Three to six rats were used in each experiment. P 
values were obtained by Student’s t-test. FC, free cholesterol; 
PL, phospholipid 


Treatment Sub- FC/PL ratio P values for 
fraction (w/w) HDL, vs. HDL, 
Triamcinolone (4) HDL, 0.238+0027 _ 0001 
HDL, 0.120+0.019 
Triamcinolone HDL, 0.23140.024 <0001 
+ACTH (4) HDL, 0.109+0.011 
ACTH (3) HDL, 0.166+0.018 
HDL, 0.08640.004 ~ 00 
Saline (3) HDL, 0.182+0023 _ 001 


HDL, 0.098+0.015 


triamcinolone plus ACTH -treated rats showed sig- 
nificantly higher free cholesterol to phospholipid 
ratios than those from either of the other two 
groups of rats. 


Discussion 


In most of the studies in animals, the density 
limits defined for human serum lipoproteins have 
been used, tacitly assuming that they are also 
applicable to the serum lipoproteins of the various 
animal species. Studies on the metabolism of rat 
serum lipoproteins are usually also carried out 
with methods developed for similar experiments in 
humans. However, there is evidence that the den- 
sity profile of rat serum lipoproteins is quite di- 
vergent from that in man [25]. In this study, 
lipoproteins were separated by gel-filtration chro- 
matography which fractionates the lipoproteins on 
the basis of particle size, thus avoiding the inade- 
quacy deriving from resorting to the ultracentri- 
fugal procedure developed for human serum lipo- 
proteins described above. 

Although the separation of HDL, from HDL, 
was incomplete, the peak which corresponds to 
HDL, was consistently observed in the gel-filtra- 
tion chromatography. There was a clear distinc- 
tion between the two lipoprotein fractions in 


chemical compositions and in apoprotein patterns 
on SDS-polyacrylamide gel electrophoresis. 

HDL,, originally defined as a cholesteryl ester- 
rich lipoprotein in which apolipoprotein E is the 
predominant apolipoprotein, is reported to repre- 
sent about 24% of the total HDL-cholesterol in 
male rats [23], while Quarfordt et al. [26] showed 
that the apolipoprotein E-rich HDL occupied 
about 10% of the total HDL. The concentration of 
this minor HDL subfraction is varied according to 
the dietary and hormonal status or under a certain 
pathological condition [12,27—29]. 

The administration of triamcinolone increased 
the serum concentration of HDL,-cholesterol most 
significantly (more than 5-fold control level), fol- 
lowed by HDL-cholesterol (about 2-fold com- 
pared with the control level). The origin of this 
increased HDL,(-cholesterol) is not clear. Eisen- 
berg [30] suggested that HDL, is formed in plasma, 
probably from HDL, (or heavier HDL popula- 
tions), and the origin of apolipoprotein Ein HDL, 
is most probably lipolysis of triacylglycerol-rich 
lipoproteins. 

The change in HDL-cholesterol concentration 
shown in Table I is a relatively small fraction of 
the change in total cholesterol, while in Table ITI 
is shown that VLDL plus LDL was not altered. 
This discrepancy is due to the different methods 
used. In Table I, HDL-cholesterol was determined 
by a precipitation method in which apolipoprotein 
E-containing lipoproteins, te. HDL,, would be 
readily precipitable as suggested by Mahley and 
Innerarity [31], while in Table III the cholesterol 
concentrations in lipoprotein classes were de- 
termined following separation of the lipoproteins 
by a combination of ultracentrifugation and gel- 
filtration chromatography. Thus, the HDL- 
cholesterol concentrations obtained by the precipi- 
tation method would represent mostly HDL,, 
which is apolipoprotein E-poor, rather than HDL, 
plus HDL,. 

It is suggested that hepatic triacylglycerol lipase 
plays a role in the uptake of HDL by the liver in 
rats [32,33]. It has also been shown that the lipase 
activity in the liver decreased when rats were 
rendered hypercortisolic by the administration of 
a corticotrophin analogue (Synacthen), and that 
liver lipase activities in the liver and the adrenal 
gland change in an opposing way during pro- 


longed corticotrophin administration to rats [34]. 
Similar situations may have occurred in our tri- 
amcinolone-treated rats, though the lipase activity 
was not measured in this study. Thus, the admin- 
istration of triamcinolone may reduce the uptake 
of HDL by the liver in rats. Jansen et al. [34] also 
suggested that the liver lipase-like activities in 
liver, adrenals and ovaries may be involved in the 
hydrolysis of HDL-phospholipids, thereby induc- 
ing a flow of free cholesterol to these tissues [35]. 
These situations seem to occur also in the hyper- 
cortisolic rats. 

It 1s conceivable that if the ratio of free 
cholesterol to phospholipids in the surface of the 
lipoprotein particle is high, then the lipoprotein is 
suitable as a donor of free cholesterol to the 
lipase-containing tissues such as adrenal glands. 
In this regard, HDL,, which was accumulated by 
triamcinolone treatment, might be preferentially 
utilized as a donor of free cholesterol, since the 
ratio of free cholesterol to phospholipid in HDL, 
is much higher than in HDL, as shown in Table 
VI. 

The changes in HDL levels may be secondary 
to alterations in liver lipase activity under various 
conditions including hormonal ‘status. ACTH 
treatment in rats lowers liver lipase activity [34,36] 
which seems to facilitate the uptake of HDL by 
the liver. Thus, ACTH treatment might be ex- 
pected to raise the plasma HDL level by reducing 
the hepatic uptake of HDL. In this study, how- 
ever, ACTH treatment reduced the HDL,- 
cholesterol concentration in triamcinolone-treated 
rats without significantly affecting the HDL,- 
cholesterol concentration (Table V). This may be 
explained partly by an increased adrenal uptake of 
HDL-cholesterol through a stimulation of adrenal 
cortex by the ACTH treatment.. However, this 
mechanism may not be sufficient to explain the 
marked fall of HDL,-cholesterol, and at present 
we have no alternative explanation. Further work 
is necessary to clarify this phenomenon. 
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Isolation of protein components from rat lung lamellar bodies 
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Lamellar bodies isolated from 10% (w/v) rat lung homogenates by discontinuous sucrose gradient 
centrifugation were shown to contain variable amounts of adhering proteins. These contaminating proteins 
could be removed by either Sepharose 4B gel filtration or precipitation of the crude preparation at pH 11.5. 
Both purification methods yielded membrane preparations with a phospholipid-to-protein ratio of 10.0 
pmol/mg. Nearly complete separation of lamellar body phospholipid and protein could be achieved upon 
application of the purified membranes to DEAE-cellulose in the presence of 0.2% (v/v) Triton X-100. 
Phospholipid analyses showed that 83% of total lipid phosphorus was recovered in phosphatidylcholine. In 
phosphatidylethanolamine, phosphatidylglycerol, phosphatidylserine and phosphatidylinositol recoveries 
amounted to 4, 8, 2 and 2%, respectively. Molecular mass determinations of the isolated protein component 
of lamellar bodies by means of SDS polyacrylamide gel electrophoresis and staining with Coomassie brilliant 
blue revealed the presence of three protein bands with molecular masses of 64, 33 and 31 kDa. Upon 
staining with silver a 16 kDa protein was also visible. Sephadex G-100 gel filtration showed only one protein 
peak corresponding to a molecular mass of 64 kDa when protein was assayed with Coomassie brilliant blue. 


1. Introduction myelin is considered to be another morphologic 


form of surfactant and is composed of membranes 


Pulmonary surfactant is a complex of phos- 
pholipids and proteins, synthesized in type I 
pneumocytes. The most important function of 
surfactant is to maintain a low and variable surface 
tension at the alveolar air/liquid interface (See 
Refs. 1 and 2 for recent reviews). It is generally 
accepted that the lamellar bodies are the intracell- 
ular storage sites for surfactant,-The lamellar bod- 
ies are secreted from the type II pneumocyte into 
the alveolar lumen by exocytosis. There, the lamel- 
lar body is converted into tubular myelin. Tubular 
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arranged into a square lattice [8,9]. This structure 
is thought to be the immediate precursor of the 
surfactant film that lines the alveolar surface. The 
morphogenesis of the lamellar body is still un- 
clear, though it has been suggested that it is a 
modified lysosome [3]. This hypothesis was sup- 
ported by the observations that lamellar bodies, as 
well as the precursors of lamellar bodies, i.e. the 
multivesicular bodies, contain lysosomal marker 
enzyme activities [4—7]. 

The discovery of phosphatidate phosphohydro- 
lase activity in the lamellar body membrane 
[10-15] has led to a number of controversial re- 
ports on the possible role of this organelle in 
phospholipid biosynthesis. However, it has now 
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been demonstrated that lamellar bodies lack both 
cholinephosphotransferase [16] and glycerophos- 
phate acyltransferase [17]. The absence of 
cholinephosphotransferase excludes the possibility 
that lamellar bodies can synthesize phosphati- 
dylcholine de novo. Furthermore, it was shown 
that lamellar bodies are incapable of de novo 
phosphatidylglycerol biosynthesis [18]. 

Lamellar bodies are characterized by a high 
content of phosphatidylcholine, 50-70% of which 
is the dipalmitoyl species [19-22]. The high phos- 
pholipid content of the lamellar bodies allows the 
separation from other organelles by density gradi- 
ent centrifugation. The recoveries and the com- 
position of the lamellar bodies isolated with den- 
sity gradients, however, showed considerable dif- 
ferences [23-25]. 

In this paper we describe a simple and rapid 
isolation of rat lung lamellar bodies from 10% 
(w/v) lung homogenates yielding organelles with 
highly reproducible phospholipid-to-protein ratios. 
The isolation procedure includes a discontinuous 
sucrose gradient centrifugation and the subse- 
quent removal of variable amounts of non-lipid 
associated protein by filtration over Sepharose 4B. 
Precipitation of the crude lamellar body prepara- 
tion at alkaline pH yielded membranes with simi- 
lar lipid /protein ratios. After delipidation, SDS- 
gel electrophoresis gave four protein bands, corre- 
sponding to molecular masses of 64, 33, 31 and 16 
kDa, after staining with silver. Coomassie brilliant 
blue did not stain the 16 kDa protein. Sephadex 
G-100 gel filtration revealed only one protein peak, 
corresponding to a molecular mass of 64 kDa. 


Materials and Methods 


Materials 

Sephadex G-100 and Sepharose 4B were 
purchased from Pharmacia, Sweden. [ pheny/(n)- 
3H]Triton X-100 (5 mCi/mg) was bought from 
New England Nuclear, U.S.A. Triton X-100 was a 
product of Rohm and Haas, U.S.A., and Bio-Beads 
SM-2 of Bio-Rad, U.S.A. Aquacide II was ob- 
tained from Calbiochem, France, and DEAE-cel- 
lulose DE 52 from Whatman, U.K. All other 
chemicals were products of either Merck, F.R.G., 
or Fluka, Switzerland, and were of standard 
laboratory grade. 


Methods 

The isolation of rat lung lamellar bodies and 
derived membranes. Lungs of adult male Wistar 
rats (200—250 g) were excised after decapitation 
and washed in 0.75 M sucrose/1 mM EDTA/10 
mM Tris, adjusted to pH 7.4 with 6 M HCl 
(buffer A). A 10% (w/v) homogenate was pre- 
pared in the same buffer. The homogenate was 
centrifuged for 10 min at 600 x g. The pellet was 
discarded. 6-ml aliquots of the supernatant were 
overlaid with 9 ml each of 0.66 M and 0.30 M 
sucrose in buffer, consecutively. The gradients were 
centrifuged overnight at 20000 rpm at 4°C in a 
Beckman L2-65 ultracentrifuge with an SW-27 
rotor. When the run was completed, the crude 
lamellar body material was collected from the 
interface between 0.66 M and 0.30 M sucrose. 
Subsequently, lamellar bodies were purified by 
gel-permeation chromatography on Sepharose 4B 
(conditions specified in the legend of Fig. 1). 
Lamellar body membranes were prepared from 
the crude preparation by a precipitation at al- 
kaline pH as described by Fuyiki et al. [26]. In the 
latter procedure the lamellar body material from 
the gradient was dialyzed overnight against 100 
mM NH,HCO, (pH 7.4) and concentrated by 
dialysis against Aquacide III to a final concentra- 
tion of 0.2-0.5 mg protein per ml. Subsequently, 
the solution was adjusted to pH 11.5 with 6 M 
NaOH, incubated for 30 min at 0°C and finally 
centrifuged for 30 min at 35000 rpm at 4°C in an 
SW-41 rotor When the run was completed the 
supernatant was discarded and the pellet was 
rinsed once with ice-cold water. 

Delipidation of purified lamellar bodies. The 
delipidation of the lamellar bodies was performed 
essentially as described by Sueishi and Benson for 
the delipidation of surfactant protein [27]. After 
precipitation at pH 11.5 as described, the pellet, 
containing the lamellar bodies, was dissolved in 
0.1 M NaCl/0.2% (v/v) Triton X-100/5 mM 
Tris/3 mM EDTA (pH 8.0) (buffer B) to a final 
concentration of about 1 mg protein per ml. The 
solubilized lamellar bodies were applied onto 
DEAE-cellulose. The column was eluted with 60 
ml buffer B before a linear NaCl gradient was 
started, ranging from 0.1 to 0.5 M. The lipid and 
protein peaks were collected separately and Triton 
X-100 was removed by extensive dialysis against 1 


M KCI/10% (v/v) glycerol/1 mM EDTA/10 mM 
Tris (pH 7.4) (buffer C). Dialysis was facilitated 
by the addition of 6 mg/ml Bio-Beads SM-2 to 
the dialysis buffer, according to the method of 
Philippot et al. [28]. The protein peak was con- 
centrated by dialysis against Aquacide HII to a 
final concentration of about 200 ug/ml and stored 
at 4°C. 

Electrophoresis. Sodium dodecyl sulfate (SDS) 
polyacrylamide gel electrophoresis was performed 
according to the method of Laemmli [29]. A 10% 
polyacrylamide gel was run with phosphorylase b, 
bovine serum albumin, ovalbumin, carbonic 
anhydrase, soybean trypsin inhibitor and a- 
lactalbumin as molecular weight standards. After 
delipidation and subsequent removal of Triton 
X-100, the protein sample was dialyzed against 
100 mM NH,HCO, (pH 7.4) and lyophilized. The 
lyophilized protein was mixed with 4% (w/v) 
SDS/10% (v/v) glycerol /65 mM Tris (pH 6.7) in 
presence or absence of 100 mM dithiothreitol with 
Bromophenol blue as a tracking dye. The gel was 
stained, according to the method of Righetti and 
Chillemi [30] and then with silver, according to 
Merril [31]. 

Phospholipid composition of rat lung lamellar 
bodies. Lamellar bodies were isolated. from 10% 
(w/v) rat lung homogenates and purified by pre- 
cipitation at pH 11.5 as described. Phospholipids 
were extracted according to the method of Bligh 
and Dyer [32] and separated by two-dimensional 
chromatography on silica-gel type 60 H thin-layer 
plates. The plates were developed in CHCI / 
CH,0H/14 M NH,OH/H,0O (90:54:5.5:5.5, 
v/v) and CHCl,/ CH,0H/ CH,COQOH/H,O 
(90:40:12:2, v/v), respectively. Lipid phos- 
phorus was determined from the silica gel as de- 
scribed by Rouser et al. [33]. 

Analytical Procedures. Protein was determined 
according to the method of Bradford [34], as mod- 
ified by Vianen and van den Bosch [35]. When 
Triton X-100 was present, protein was quantitated 
as described by Lowry et al. [36], after centrifuga- 
tion of the precipitate formed [37]. Phosphorus in 
lipid extracts was measured after ashing [38], 
according to Chen et al. [39]. Radioactivity was 
measured after addition of Packard emulsifier 
scintillation fluid in a Packard 3320-Tricarb liquid 
scintillation spectrometer. 
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Morphological studies. Lamellar bodies were 
isolated from 10% (w/v) lung homogenates and 
purified by either Sepharose 4B gel-filtration or 
precipitation at pH 11.5, as described. Membrane 
preparations were fixed by incubation for 1 h in 
2.5% glutaraldehyde/2% tannic acid in 100 mM 
phosphate buffer (pH 7.2). Post-fixation was per- 
formed by incubation for 30 min in 1% OsO,/1.5% 
K ,Fe(CN), in the same buffer. The samples were 
stained en bloc with 1% uranyl acetate, dehy- 
drated with the use of acetone and embedded in 
araldite resin. Thin sections were cut on a Rickert 
Om-U, ultramicrotome using a diamond knife. 
The sections were stained with 1% KMnO, and 
examined in a Philips 201 electron microscope. 


Results and Discussion 


In this paper we describe the isolation of rat 
lung lamellar body protein. For that purpose we 
developed a two-step isolation procedure for 
lamellar bodies, including a discontinuous sucrose 
gradient centrifugation and a subsequent purifica- 
tion of the lamellar body material recovered from 
the gradient. Fig. 1 shows the elution profiles on 
Sepharose 4B of two lamellar body preparations 
recovered from different sucrose gradient centrifu- 
gations. From this figure it becomes evident that 
lamellar bodies separated from other organelles by 
a single-step gradient centrifugation may contain 
a variable amount of adhering protein that is not 
associated with phospholipid. Since these adhering 
proteins are not an integral constituent of the 
lamellar body it is possible that they originate 
from other subcellular fractions and aspecifically 
interact with the lamellar body membrane. It was 
demonstrated by Fujiki et al. [26] that membranes 
can be freed from peripheral proteins by centrifu- 
gation at pH 11.5. At alkaline pH the proteins 
become negatively charged and are repelled by the 
membrane through electrostatic forces. After 
centrifugation, the membrane phospholipids to- 
gether with the membrane-bound proteins are 
recovered in the pellet. This method appeared 
applicable to the purification of lamellar bodies. 
In Table I the results of both purification proce- 
dures are summarized. The total yield of purified 
rat lung lamellar bodies ranged between 300-500 
ug protein/g wet weight. Both purification on 
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Fig. 1. Lamellar bodies from sucrose gradient centrifugations on Sepharose 4B. Lamellar bodies were isolated from 600 x g rat lung 
supernatants as described under Matertals and Methods Sepharose 4B column (65 X0.8 cm) was run with 03 M sucrose/1 mM 
EDTA/10 mM Tris (pH 7.4) at a flow rate of 20 ml/h and 10 min fractions were collected, Panels A and B show the elution patterns 
of lamellar body preparations, from repeated sucrose gradients, containing 555 and 168 ug protein, respectively In B, the pooled 
fractions under 1 and 2 contained 104 and 40 pg protein, respectively. In (A), 94 pg protein was recovered in pool 1 and 388 ug in 
pool 2. Total recovery of lipid phosphorus amounted to 91 and 92% for experiments A and B, respectively. The content per fraction 








of hpid phosphorus (@ @) and protein (O 


Sepharose 4B and precipitation at pH 11.5 at 0°C 
yielded membranes with phospholipid-to-protein 
ratios of 10.0 pmol/mg. In the purified prepara- 
tions no microsomal marker enzyme activity could 
be detected. The same phospholipid-to-protein 
ratios were found when freshly isolated, perfused 
rat lungs were used (data not shown). For rat lung 
lamellar bodies phospholipid to protein ratios have 
been reported ranging from 4 to 16 pmol/mg 
[25,40—43]. It is quite likely that the isolation 
techniques used yielded lamellar body prepara- 
tions together with contaminating adhering pro- 
teins as shown in Fig. 1 and Table I. In the 
following experiments for the isolation of the pro- 
tein components we used the precipitation at al- 
kaline pH as purification for the lamellar bodies 
membranes from the sucrose gradients. This pro- 
cedure is less laborious than Sepharose 4B chro- 
matography and the lamellar bodies are recovered 
as a pellet, allowing them to be dissolved in any 
solvent required. 

However, upon precipitation at alkaline pH the 
ultrastructure of the lamellar body is destroyed. In 


©) is depicted 


TABLE I 


PHOSPHOLIPID-TO-PROTEIN RATIOS OF LAMELLAR 
BODIES PURIFIED BY SEPHAROSE 4B GEL CHRO- 
MATOGRAPHY OR PRECIPITATION AT pH 11.5 AT 
0°C 

Sepharose 4B was run as described ın the legend of Fig 1. The 
precipitation at pH 11.5 at 0°C was performed as described 
under Materials and Methods. Ratios are expressed as pmol 
lipid phosphorus per mg protein. Letters A and B refer to the 
experiments shown in Fig 1. In both experiments the fractions 
under peak 1 were pooled, prior to phospholipid and protein 
analysis The results of the purification by precipitation at 
alkaline pH are given as means S.E from three expermments 


Purification Ratio before Ratio after 
purification purification 
(umol/mg) (pmol/mg) 
Sepharose 4B 
Expt. A 25 10.0 
B 74 10.0 
Precipitation at 0°C, pH 11.5 69+2.0 10.4 +0.2 


agreement with the results of Fujiki et al. [26], we 
observed sheets of membranes rather than the 
typical multilamellar structures (micrographs not 
shown). In contrast, when Sepharose 4B gel filtra- 
tion was used as a means for purification of the 
crude lamellar body preparation, the structural 
integrity of the organelle is maintained to the 
same degree as observed after sucrose gradient 
isolation alone (Fig. 2). 

Afer purification, the lamellar bodies were 
solubilized in 0.2% Triton X-100. The lipid and 
protein components were separated on a DEAE- 
cellulose anion exchanger at pH 8.0. In Fig. 3 the 
elution profile of the solubilized lamellar bodies 
on DEAE-cellulose is depicted. This figure shows 
that nearly complete separation of phospholipid 
and protein could be achieved. All phospholipid, 
with minor amounts of protein, passed through by 
the column at pH 8.0, whereas the. major protein 
peak could be eluted only in the presence of 0.35 
M NaCl. In the protein peak no phospholipid was 
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detectable. Application of rat-lung surfactant on 
DEAE-cellulose in 1% Triton X-100 at pH 8.0 
showed, three different protein peaks, as reported 
by Sueishi and Benson [27]. Two peaks that eluted 
with 0.1 M and 0.15 M NaCl, respectively, were 
designated by the authors to be serum compo- 
nents. The third peak eluted with 0.35 M NaCl 
and was shown to be the surfactant-associated 
apolipoprotein with a molecular mass of 73 kDa. 
Table II shows the phospholipid composition of 
the purified lamellar bodies. Phosphatidylcholine 
is the most abundant phospholipid in the lamellar 
body membrane (83% of lipid phosphorus). Phos- 
phatidylglycerol, phosphatidylethanolamine, phos- 
phatidylinositol and phosphatidylserine are only 
minor constituents of the lamellar body. These 
results are in reasonable agreement with reported 
values for the phospholipid composition of 
surfactant [44] and lamellar bodies [25,39]. Since 
the lamellar body protein and the major surfac- 
tant apolipoprotein have comparable elution pro- 


Fig. 2. Effect of Sepharose 4B gel filtration on the ultrastructure of lamellar bodies Lamellar bodies were isolated from 10% (w/v) 
lung homogenates by density gradient centrifugation and purified by Sepharose 4B gel filtration. Samples were taken and prepared 
for thin-section electron microscopy, as described in Materials and Methods. (A) Lamellar bodies isolated by sucrose gradient 
centrifugation alone ( X43300 as shown), (B) Lamellar bodies purified by Sepharose 4B gel filtration (< 43300 as shown) 
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Fig. 3. Lamellar bodies chromatographed on DEAE-cellulose 
in 0.2% Triton X-100, Lamellar bodies from sucrose gradient 
centnfugations were purified by precipitation at pH 11.5 at 
0°C and subsequently solubilized in 02% (v/v) Tnton X-100 
as described ın Materials and Methods. The DEAE-cellulose 
column (45X06 cm) was run at a flow rate of 12 ml/h and 
12-min fractions were collected. Punfied lamellar bodies, con- 
taining 950 ug protein were applied onto the column. The 
broken line (— — —) indicates the slope of the NaCl gradient, 
ranging from 01 to 0.5 M The protein (O O) and lipid 
phosphorus (@ @) concentration of the fractions are 
given. Recoveries of protein and lipid phosphorus amounted to 
89 and 91%, respectively. 








files on DEAE-cellulose, we decided to investigate 
further the similarity of these proteins. Interest- 
ingly, recent immunohistochemical studies have 
demonstrated that antibodies against the surfac- 
tant apoprotein react with lamellar bodies 
[45,56,57]. Vice versa, antibodies against proteins 
from lamellar body-enriched homogenates were 
shown to react with type II cells as well as the 
surfactant [46]. 


TABLE II 


PHOSPHOLIPID COMPOSITION OF RAT LUNG 
LAMELLAR BODIES 


Phospholipids from rat lung lamellar bodies were extracted 
and separated by two-dimensional thin-layer chromatography 
as described in Materials and Methods Data are given as 
percentage of total lipid phosphorus and are expressed as 
means +S.E from three experiments 


Phospholipid Relative abundance (%) 
Phosphatidylcholine 8342 
Phosphatidylethanolamine 442 
Phosphatidylglycerol 841 
Phosphatidylserine 2+1 
Phosphatidylinositol 2+1 


We performed molecular mass determinations 
on the isolated lamellar body protein. Prior to the 
molecular mass determinations, Triton X-100 had 
to be removed from the protein. This was done by 
dialysis, as described in the Materials and Meth- 
ods section. Despite the addition of 6 mg/ml 
Bio-Beads SM-2 to the buffer, a dialysis time of 72 
h was required to remove 95% of added [°H] 
Triton X-100. Addition of Bio-Heads SM directly 
to the protein solution resulted in a complete loss 
of protein from the supernatant, probably due to 
binding of the protein itself to the Bio-Beads (data 
not shown). After removal of Triton X-100, the 
protein was subjected to molecular weight de- 
terminations by Sephadex G-100 gel filtration and 
SDS polyacrylamide gel electrophoresis. 

In Figs. 4 and 5 are depicted the results of the 
molecular mass determination on Sephadex G-100. 
The lamellar body protein eluted in one peak with 
a molecular mass of about 64 kDa. When the 
protein was kept at 4°C for several weeks and 
re-eluted over Sephadex G-100, a second peak 
appeared with an apparent molecular mass of 
about 35 kDa (data not shown). SDS-poly- 
acrylamide gel electrophoresis (Fig. 6) of the 
lamellar body protein revealed the presence of 
three protein bands corresponding to molecular 
masses of 64, 33 and 31 kDa, respectively. The 
molecular masses are in good agreement with the 
value reported for the surfactant apolipoproteins 
[44,47,48]. In the presence of a sulfhydryl reducing 
agent, the surfactant apolipoprotein with a molec- 
ular weight of about 68 kDa is reduced to a 
molecular mass of 35-38 kDa [49,50]. The protein 
isolated from lamellar bodies was unaffected by 
the presence of dithiothreitol. The reason behind 
this different behavior of the surfactant apolipo- 
protein and the lamellar body protein towards 
sulfhydryl reducing agents is not known. We sup- 
pose that the 33 and 31 kDa proteins as seen in 
SDS gels associate to a 64 kDa component under 
the conditions of Sephadex G-100 filtration. 
Whether the 16 kDa protein seen in SDS gels with 
silver staining also associated under the conditions 
of the Sephadex filtration cannot be deduced from 
the experiments performed, since this protein may 
not have been detected in the fractions eluted 
from the Sephadex G-100 column because of its 
low response in Coomassie brilliant blue binding 
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Fig. 4 Lamellar body protein subjected to Sephadex G-100 gel 
filtration. Lamellar body protein was isolated as descnbed 
under Materials and Methods and dissolved in 1 M KCI1/10% 
(v/v) glycerol/1 mM EDTA/10 mM Tris (pH 74) Lamellar 
body protein, 965 ug, was eluted in the same buffer. Sephadex 
G-100 column (451 cm) was run at 20 ml/h and 6 min 
fractions were collected. Void volume (VM) was determined 
with Dextran blue. Protein recovery amounted to 86% 


(compare Fig. 5). In this respect it is striking that 
also the 11-16 kDa protein isolated from lung 
surfactant was found to stain poorly with 
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Fig. 5. Molecular mass estimation of lamellar body protem on 
Sephadex G-100. Sephadex G-100 was run under the same 
conditions as described in the legend of Fig. 4. Void volume 
was determined with Dextran blue. Standard proteins and 
lamellar body protein were eluted from the column and the 
ratio of the respective elution volume over void volume (V, / V3) 
was plotted against the molecular mass (1) Bovine serum 
albumin. (2) Rat lung lamellar body protein. (3) Ovalbumin 
(4) Soybean trypsin inhibitor (5) Cytochrome c 
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Fig 6. SDS-polyacrylamide gel electrophoresis of lamellar 
body protein. Lamellar body protein was isolated from lung 
homogenates as described ın Materials and Methods. Electro- 
phoresis was performed with 30 wg lamellar body protein ın 
the presence (lanes 2 and 4) or absence (lanes 3 and 5) of 100 
mM dithiothreitol A 10% gel was run. Lane 1 shows the 
electrophoretic pattern of marker proteins with molecular 
masses of 94, 67, 43, 30, 20.1 and 14.4 kDa, respectively. The 
gel was stained with Coomassie brillant blue (lanes 1~3) and 
subsequently with silver (4 and 5) 


Coomassie brilliant blue [51]. Hence, it cannot be 
excluded that part of this protein is also present in 
the breakthrough peak of the DEAE-cellulose col- 
umn (Fig. 3) together with the phospholipids. Only 
a few reports are available on the characterization 
of lamellar body proteins [45,47,52—54,58]. In these 
papers proteins are described with molecular 
masses ranging from 16-130 kDa. Most reports 
show the presence of a protein with a molecular 
mass of about 65-70 kDa together with other 
proteins with variable molecular masses. The wide 
range of molecular weights for lamellar body pro- 
teins can probably be explained in the same way 
as the wide range in phospholipid-to-protein ratios 
reported for lamellar bodies, i.e., by the occur- 
rence of a variable amount of adhering, non- 
lamellar body proteins. 
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Collectively, the isolation of lamellar bodies 
described in this paper eliminates the problem of 
adhering proteins and could therefore be a useful 
means in studies on the role of this organelle in 
surfactant metabolism. Some aspects of the inter- 
action of the protein from lamellar body with 
phospholipids are described in the accompanying 
paper [55]. 
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We investigated the specificity of the cytosol-mediated phosphatidylcholine transfer between isolated rat 
lung microsomes and rat lung lamellar bodies. For that purpose we labeled the microsomes with 1-acyl-2-[1- 
14 C]palmitoyl- and 1-acyl-2-[9,10->H]oleoylphosphatidylcholine through protein-catalyzed phosphatidylcho- 
line exchange. Incubation in buffer resulted in 3-5% transfer of label from microsomes to lamellar bodies. 
Lung cytosol stimulated this transfer about 2-fold and the presence of 12 pg/ml phosphatidyicholine-trans- 
fer protein from bovine liver resulted in a 30 to 35% recovery of radioactivity in the lamellar bodies. When 
microsomal donor membranes with a 7H /C ratio of 2.6 were used, the *H /“C ratios of the lamellar 
bodies were 3.9, 3.7 and 3.7, after incubation in buffer, with cytosol and with bovine liver exchange protein, 
respectively. Doubling the amount of lamellar body acceptor membranes resulted in °H /'4 C ratios in the 
lamellar bodies of 4.6 and 4.1, after incubation in buffer and with cytosol, respectively. Furthermore, we 
isolated the protein component from rat lung lamellar bodies and performed reconstitution experiments with 
phospholipids. Reconstituted and non-reconstituted phospholipid and protein were separated by either 
Sepharose 4B gel filtration or discontinuous sucrose gradient centrifugation. The presence of lamellar body 
protein in the reconstitution mixture resulted in the formation of larger structures with higher density than 
those formed in control experiments without protein. When 1-acyl-2-[1-'4C]palmitoyl- and 1-acyl-2-[9,10- 
3H]oleoylphosphatidylcholine were included in the reconstitution mixture, the structures containing lamellar 
body protein had 2- to 4-fold lower °H /'‘C ratios than initially present in the incubation. These results 
suggest that lamellar body proteins associate preferentially with disaturated phosphatidylcholine species. 


Introduction 


The alveoli of the lung are lined with surfac- 
tant, a complex of phospholipid and protein. The 
main function of the lung surfactant is to stabilize 
the alveolus during expiration by lowering the 
surface tension at the air/water interface (see 
Refs. 1 and 2 for recent reviews). The most im- 
portant surface active component of lung surfac- 
tant is dipalmitoylphosphatidylcholine [3,4]. To- 


Correspondence: Dr. H. van den Bosch, Laboratory of Bio- 
chemistry, State University of Utrecht, Padualaan 8, NL-3584 
CH, Utrecht, The Netherlands. 


gether with other constituents of the surfactant, 
this phospholipid is thought to be synthesized in 
the alveolar type II cell [1,2,5,6]. Intracellularly, 
the surfactant material is stored in the lamellar 
bodies [7,8]. After secretion into the alveolar space, 
the lamellar body is converted into tubular myelin, 
the immediate precursor of the surfactant film. 
The lamellar body is characterized by a high 
content of phospholipids, phosphatidylcholine 
being the most abundant [9,10]. It is generally 
accepted that phosphatidylcholine is synthesized 
at the endoplasmatic reticulum. Compared to the 
phospholipid composition of this organelle, the 
lamellar body is particularly enriched in dipalmi- 
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toylphosphatidylcholine. Since the lamellar body 
lacks the capacity for phosphatidylcholine bio- 
synthesis [11,12], a phospholipid-transfer system is 
probably involved in the transport of phosphati- 
dylcholine species from the endoplasmatic reticu- 
lum to the lamellar body. Most likely, the overall 
specificity of this transport process has to account 
for the enrichment of disaturated phosphati- 
dyicholine species in lamellar bodies. It has been 
demonstrated that lung cytosol contains phos- 
pholipid-transfer proteins [13-18]. In these re- 
ports, however, a preference for the transfer of 
saturated phosphatidylcholine could not be estab- 
lished unequivocally. When transfer from lung 
microsomes to mitochondria was measured. un- 
saturated phosphatidylcholines were transferred 
better than the saturated species of this phos- 
pholipid [14]. With phospholipid vesicles as donor 
membranes and rat liver mitochondria as accep- 
tors a purified phospholipid-transfer protein from 
lung transported dipalmitoylphosphatidylcholine 
1.5-fold better than unsaturated phosphatidylcho- 
lines [18]. Phospholipid transfer from donor 
vesicles to lamellar bodies has been demonstrated 
[13] and has been found to be influenced by the 
fatty acyl composition of the phosphatidylcholines 
composing the donor membranes, but the selectiv- 
ity with respect to molecular species transferred to 
the lamellar bodies was not investigated. In this 
paper we report on the cytosol-mediated phos- 
phatidylcholine transfer between rat lung micro- 
somes and lamellar bodies. In addition, we iso- 
lated the protein component of rat lung lamellar 
bodies by methods described in the accompanying 
paper [19] and performed reconstitution experi- 
ments of the lipid-free lamellar body proteins with 
phospholipids. The results may be indicative for 
an as yet unknown role of the lamellar body 
proteins in the enrichment of disaturated phos- 
phatidylcholine species in this organelle. 


Materials and Methods 


Materials 

1-Palmitoyl-2-[1-14 C]palmitoylphosphatidyl- 
choline (57 mCi/mmol) and [9,10-*H]oleic acid 
(3.4 Ci/mmol) were purchased from Amersham, 
U.K. 1-Acyl-2-[9,10-? H]oleoylphosphatidylcholine 
was synthesized from 1-acyl-2-lysophosphatidyl- 
choline and oleoyl-CoA as originally described for 
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the synthesis of 1-acyl-2-[1-'* C]linoleoylphospha- 
tidylethanolamine by van den Bosch et al. [20]. 
[ phenyl(n)-?H]Triton X-100 (5 mCi/mg) was a 
product of New England Nuclear, U.S.A.. 
Unlabeled Triton X-100 was obtained from Rohm 
and Haas, U.S.A.. Egg-yolk phosphatidylcholine 
was purified on HPLC and kindly donated by Mr. 
W.S.M. Geurts van Kessel from this laboratory. 
Phosphatidylcholine-exchange protein as purified 
from bovine liver [21] was a generous gift from 
Dr. D. van Loon from this laboratory. Aquacide 
III was a product of Calbiochem, France. DEAE- 
cellulose (DE-52) was obtained from Whatman, 
U.K.. All other chemicals were products of either 
Merck, F.R.G. or Fluka, Switzerland, and were of 
standard laboratory grade. 


Methods 

Isolation of microsomes. Lungs from adult male 
Wistar rats were excised after decapitation and 
homogenised with a Potter-Elvehjem homogenizer 
in 0.30 M sucrose/1 mM EDTA/10 mM Tris (pH 
7.4) (buffer A) to yield a 10% (w/v) homogenate. 
After centrifugation at 600 x g for 10 min and at 
20000 x g for 20 min, microsomes were pelleted 
by centrifugation for 60 min at 105000 x g. The 
microsomal pellet was resuspended in buffer A to 
a concentration of 5 mg protein per ml. 

Isolation of lamellar bodies. Lamellar bodies 
were isolated from 10% (w/v) lung homogenates 
and subsequently freed from aspecifically adsorbed 
proteins by gelfiltration on Sepharose 4B as 
described [19]. The purified lamellar bodies were 
concentrated by dialysis against Aquacide III to a 
concentration of 250 ug protein per ml. 

Preparation of labeled phosphatidylcholine 
vesicles. Vesicles were prepared by sonication of 
1-acyl-2-[1-'4C] palmitoylphosphatidylcholine 
(12000 dpm/nmol) together with 1-acyl-2-[9,10- 
3H] oleoyl phosphatidylcholine (28 000 
dpm /nmol) at a final phospholipid concentration 
of 35 uM in the presence of 2 mol% phosphatidic 
acid in 3 ml of buffer A with a Branson B12 
sonifier for 45 min at 50 W under a stream of N, 
at 0°C. Subsequently, the sonicate was centri- 
fuged at 105000 x g for 60 min. Vesicles from the 
supernatant were used for labeling of the micro- 
somes. 

Labeling of microsomes with radioactive phos- 
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phatidylcholine. Equal volumes of radiolabeled 
vesicles and microsomal suspension were 
incubated for 45 min at 37°C in the presence of 
12 pg/ml phosphatidylcholine-exchange protein 
from bovine liver. After the incubated microsomes 
had been reisolated from the mixture by centrifu- 
gation at 105000 Xg for 60 min, the resulting 
microsomal pellet was resuspended in buffer A to 
a concentration of 5 mg protein per ml. 

Transfer of radioactive phosphatidylcholine from 
microsomes to lamellar bodies. Microsomes were 
labeled with 1-acyl-2-[1-'4C] palmitoylphosphati- 
dylcholine and 1-acyl-2-[9,10-7H] oleoylphospha- 
tidylcholine as described. Incubations were per- 
formed with 100 u] microsomal suspension, con- 
taining 5 mg protein/ml, and either 100 or 200 pl 
lamellar body-suspension, containing 250 ug pro- 
tein /ml, in the presence of either 700 ul rat lung 
cytosol or 12 pg/ml phosphatidylcholine-ex- 
change protein purified from bovine liver in buffer 
A. After incubation for 30 min at 37°C, 2 ml of 
ice-cold 0.975 M sucrose/1 mM EDTA/10 mM 
Tris (pH 7.4) was added to the incubation mix- 
ture. The resulting solution was overlaid with two 
consecutive layers of 4.2 ml 0.66 M sucrose/1 mM 
EDTA/10 mM Tris (pH 7.4) and 0.3 M sucrose /1 
mM EDTA/10 mM Tris (pH 7.4), respectively. 
Lamellar bodies and microsomes were separated 
by centrifugation for 3 h at 35000 rpm at 4°C ina 
Beckman L2-65 ultracentrifuge with an SW-41 
rotor. 

Isolation of rat lung lamellar body proteins. 
Lamellar bodies were isolated from 10% (w/v) 
lung homogenates and adhering proteins were 
removed by precipitation at pH 11.5. The purified 
lamellar bodies were delipidated by elution over a 
DEAE-cellulose anion exchanger in the presence 
of 0.2% (v/v) Triton X-100. All procedures were 
executed as described [19]. Triton X-100 was sub- 
sequently removed from the protein on a DEAE- 
cellulose anion exchanger at pH 8.0. The protein 
peak was concentrated by dialysis against Aqua- 
cide III to a concentration of 0.1-1.0 mg/ml. 

Cholate reconstitution of isolated lamellar body- 
protein with lamellar body phospholipid and egg 
phosphatidylcholine. Lamellar body phospholipids 
were extracted according to the method of Bligh 
and Dyer [22] from the phospholipid peak after 
DEAE-cellulose chromatography of lamellar bod- 


ies in 0.2% (v/v) Triton X-100. Phospholipid and 
protein were dissolved in buffers that contained 
7.5 mg/ml sodium cholate by sonication for three 
times 15 sec at 50 W under N, at 0°C. Subse- 
quently, cholate was removed by dialysis against 
buffer A and reconstituted and non-reconstituted 
phospholipid and protein were separated by either 
Sepharose 4B gel filtration or sucrose gradient 
centrifugation. When Sepharose 4B gel filtration 
was used for this separation, the incubation mix- 
ture contained 200 pg lamellar body protein, 2 
pmol lamellar body phospholipid and 2 pmol egg 
phosphatidylcholine in a final volume of 2 ml of 
buffer A. In the incubation were included 10 nmol 
1-acyl-2-[9,10-7H] oleoylphosphatidylcholine 
(52800 dpm/nmol) and 0.4 nmol 1-acyl-2[1-*C] 
palmitoylphosphatidylcholine (150 000 
dpm/nmol). Sepharose 4B gel filtration was per- 
formed with 0.4 ml of this mixture, as specified in 
the respective figure legend. When sucrose gradi- 
ent centrifugation was used, 200 nmol lamellar 
body phospholipid, 200 nmol egg phosphati- 
dylcholine and 20 pg lamellar body protein were 
incubated together with 3 nmol 1-acyl-2-[9,10-?H] 
oleoylphosphatidylcholine (20000 dpm /nmol) and 
0.1 nmol 1-acyl-2-[1-'4C] palmitoylphosphatidyl- 
choline (200000 dpm/nmol). The sample, in a 
final volume of 0.8 ml, was applied onto a discon- 
tinuous sucrose gradient, consisting of 1 ml 0.75 
M sucrose, 4 ml 0.66 M sucrose and 5.6 ml 0.3 M 
sucrose, each containing 10 mM Tris and 1 mM 
EDTA (pH 7.4). Gradients were centrifuged for 3 
h at 37000 rpm in a Beckman SW 41 rotor. After 
ending of the run, gradients were fractionated in 
0.5 ml portions and assayed for protein and for 
lipid phosphorus after extraction [22]. 

Analytical procedures. Protein was measured 
according to the method of Bradford [23] as mod- 
ified by Vianen and van den Bosch [24]. When 
Triton X-100 was present protein was determined 
according to Lowry et al. [25]. Lipid phosphorus 
was measured according to Chen et al. [26], after 
ashing [27]. Radioactivity was quantitated in a 
Packard 3320-Tricarb liquid scintillation spec- 
trometer after addition of Packard emulsifier scin- 
tillation fluid. Rotenone-insensitive NADPH:cy- 
tochrome c reductase activity was measured as 


described by Margiolash [28]. 


Results and Discussion 


In this paper we describe some experiments on 
the interaction of the protein component of lamel- 
lar bodies with phospholipids. Compared to the 
endoplasmic reticulum, i.e. the main intracellular 
site of phospholipid biosynthesis, the lamellar body 
is particularly enriched in disaturated phosphati- 
dylcholine [9,10]. Since it has been demonstrated 
that the lamellar body is incapable of phosphati- 
dylcholine synthesis [11,12], it has been proposed 
that saturated phosphatidylcholine species are 
specifically transfered from the endoplasmatic re- 
ticulum to the lamellar body through action of 
soluble phospholipid-transfer proteins. Lung cyto- 
sol was shown to contain transfer proteins for 
phosphatidylcholine [13-—15,17,18]. However, a 
specificity for the transfer of saturated phos- 
phatidylcholine was not convincingly observed 
[14,18]. We reinvestigated the specificity of the 
cytosol-mediated phosphatidyicholine transfer 
from microsomes to lamellar bodies, i.e., from the 
putative donor to acceptor membranes. For that 
purpose we labeled microsomes with radioactive 
phosphatidylcholines via protein-mediated ex- 
change. In a preliminary experiment we investi- 
gated whether lamellar bodies and microsomes 
could be adequately separated again by sucrose 
gradient centrifugation, after incubation of the 
isolated organelles for 30 min at 37°C. In fig.1 the 
result of the such an experiment is depicted. This 
figure shows two peaks of lipid phosphorus, one 
associated with microsomal marker enzyme activ- 
ity and another at the interface between 0.66 and 
0.30 M sucrose. This density corresponds to the 
place in the gradient where lamellar bodes are 
expected. Since there was no microsomal marker 
enzyme activity detectable in the lamellar body 
peak, we concluded that sucrose gradient centrifu- 
gation is a good means for the separation of 
lamellar bodies and microsomes. Using this 
method, we studied the transfer of 1-acyl-2-[9,10- 
3HJoleoyl- and 1-acyl-2-[1-!4 C]palmitoylphos- 
phatidylcholine from microsomes to lamellar bod- 
ies. In buffer, from 3-5% of initial radioactivity 
was transferred to the lamellar bodies. Lung cyto- 
sol stimulated the phospholipid transfer about 2- 
fold and the presence of 12 pg/ml phosphati- 
dylcholine-transfer protein purified from bovine 
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Fig 1. Separation of lamellar bodies and microsomes by 
sucrose gradient centrifugation. Lamellar bodies and mucro- 
somes were isolated from 10% (w/v) lung homogenates as 
described under Materials and Methods. Subsequently, both 
organelles were incubated at 37°C for 30 min and separated in 
a discontinuous sucrose gradient by centnfugation at 37000 
rpm m a Beckman SW41 rotor at 4°C Gradients were frac- 
tionated in portions of 0.5 ml and assayed for microsomal 
marker enzyme activity and lipid phosphorus The figure shows 
a typical experiment from a series of three Fractions are 
numbered from top to bottom of the gradient Recoveries of 
phospholipid and enzyme activity amounted to 118% and 
101%, respectively 


liver resulted in a 30-35% recovery of radiolabel 
in the lamellar bodies. When microsomal donor 
membranes with a >H/'*C ratio of 2.6 were used, 
the 7H/*C ratio of the lamellar bodies was 3.9, 
3.7 and 3.7 after incubation in buffer, with cytosol 
and with bovine liver exchange protein, respec- 
tively. When the amounts of acceptor lamellar 
bodies in the incubations were doubled the ratios 
in the lamellar bodies had even further increased, 
to 4.6 and 4.1 in buffer and with cytosol, respec- 
tively. These results indicate that the lamellar body 
can act as an acceptor for phospholipids of micro- 
somal origin. The increased °H /'*C ratios in the 
lamellar bodies after incubation indicate that 1- 
acyl-2-[9,10-3? Hjoleoylphosphatidylcholine is more 
effectively transferred from the microsomal mem- 
brane than 1-acyl-2-[1-'4 C]palmitoylphosphatidyl- 
choline. This conclusion is in good agreement with 
results of Engle et al. [14]. These authors reported 
a slight preference of the lung phosphatidylcho- 
line-transfer protein for unsaturated species in the 
transport from lung microsomes to mitochondria. 
In contrast, Funkhouser and co-workers noticed a 
1.5-fold preference for transport of dipalmitoyl- 
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Fig, 2. Separation of lamellar body-protein and Triton X-100 
on DEAE-cellulose. Lamellar bodies were isolated from 10% 
(w/v) lung homogenates and delipidated by elution on 
DEAE-cellulose in presence of 02% (v/v) Tnton X-100 as 
described. For the removal of Triton X-100 from the protem a 
second DEAE-cellulose column was used. This column (75x1 
cm) was run in buffer A (pH 8.0) at a flow rate of 9 ml/h and 
20-min fractions were collected. The broken line indicates the 
slope of the salt gradient from 0 to 1 M NaCl. A 1 ml aliquot 
of lamellar body protein (960 pg/ml) in 0.2% (v/v) Tnton 
X-100 contaming 0.} C1 [ phenyl(n)-7H] Tnton X-100 was 
chromatographed. Fractions were assayed for protein and ra- 
dioactivity Recovenes of protein and radioactivity amounted 
to 96% and 101%, respectively. 


phosphatidylcholine from liposomal donor vesicles 
to rat liver mitochondria [18]. Transport to the 
relatively saturated lamellar body membranes was 
2- to 3-fold lower than to the more unsaturated 
liver mitochondria [13], but the selectivity in the 
transfer of phosphatidylcholine species to lamellar 
bodies was not investigated. Collectively, these 
data suggest that soluble phosphatidylcholine- 
transfer proteins are not likely involved in the 
enrichment of lamellar bodies in saturated phos- 
phatidylcholine species. 

In the next series of experiments we investi- 
gated whether the protein component of the lamel- 
lar body could be important in the specific uptake 
of saturated phosphatidylcholine. To investigate 
this possibility we performed cholate reconstitu- 
tion experiments with isolated lamellar body pro- 
tein with equimolar amounts of lamellar body 
phospholipid and egg phosphatidylcholine. To iso- 
late the lamellar body protein we applied purified 
lamellar bodies on DEAE-cellulose in the presence 
of 0.2% (v/v) Triton X-100. This procedure sep- 
arates the protein and lipid components of lamel- 
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Fig 3 Reconstituted lamellar body protem and phosphohpid 
on Sepharose 4B. Lamellar bodies were isolated and delipi- 
dated as indicated in the legend of Fig 2. Lamellar body 
protein was dissolved together with equimolar amounts of 
lamellar body phospholipids and egg phosphatidylcholine in 
75 mg/ml cholate as descnbed under Materials and Methods 
After dialysis of the cholate, a sample was filtered over a 
Sepharose 4B column (65 X1.2 cm) in buffer A at a flow rate 
of 17 ml/h and 3-min fractions were collected The column 
was loaded with 0.4 ml of the incubation mixture, containing 
40 pg protein, 400 nmol lamellar body phospholipid and 400 
nmol egg phosphatidylcholine together with 2 nmol 1-acyl-2- 
[9,10-*H]oleoylphosphatidylchohne (52800 dpm/nmol) and 
0.08 nmol 1-acyl-2-[1-'* C]palmitoylphosphatidylcholine 
(150000 dpm/nmol) Protein was determined after lyophiliza- 
tion of 0.5 ml ahquots of the fractions. Radioactivity was 
measured as described Recoveries of protein, °H, and 14C 
radioactivity amounted to 76, 110 and 90%, respectively 


lar bodies [19]. Subsequently, Triton X-100 was 
removed from the protein peak by a second elu- 
tion on DEAE-cellulose. Fig. 2 shows a typical 
elution profile upon DEAE-cellulose chromatog- 
raphy. Triton X-100 is barely retarded by the 
column, whereas the protein can only be eluted in 
the NaCl gradient without any apparent overlap. 
This method is less time-consuming, and thus 
provides a more favorable method for the removal 
of Triton X-100 than the extensive dialysis used 
previously [19]. We determined that 83% of lamel- 
lar body phospholipids is phosphatidylcholine [19]. 
Under the assumption that 80% of this phos- 
pholipid is saturated and that egg phosphati- 
dyicholine consists of 5% saturated species, the 
reconstitution mixture contained saturated and 
unsaturated phosphatidylcholine in a mole ratio of 
about 1:1.8. The phospholipid-to-protein ratio in 
the mixtures used for reconstitution amounted to 
20 pmol/mg, i.e., twice the value of purified 


lamellar bodies [19]. Two independent methods 
were used to separate reconstituted and non-re- 
constituted phospholipid and protein: Sepharose 
4B gel-filtration and sucrose gradient centrifuga- 
tion. In Fig. 3 the elution profile on Sepharose 4B 
is depicted of phosphatidylcholine-associated ra- 
dioactivity and protein after reconstitution. Both 
radioactivity and protein are recovered in two 
peaks. One eluted in the void volume of the col- 
umn and a second peak was somewhat retarded. 
Interestingly, the peak with the apparent higher 
molecular mass is enriched in 1-acyl-2-[1-'4C]pal- 
mitoylphosphatidylcholine. In contrast, the 
lower-molecular-mass peak contains relatively 
more ]-acyl-2-[9,10-? HJoleoylphosphatidylcholine. 
Starting from a °>H/**C ratio of 8.8 in the initial 
incubation mixture, in the pooled void volume 
peak a ratio of 4.9 was measured. At the same 
time the ratio in the lower-molecular-mass peak 
was increased to 15.5. When this experiment was 
performed without lamellar body protein being 
present, only the peak with the apparent lower 
molecular mass was observed, without any shift in 
the 7H /'*C ratio (data not shown). These results 
indicate that, upon reconstitution, phospholipid- 
protein complexes are formed with a higher 
molecular weight than phospholipid vesicles made 
through cholate reconstitution alone. Further- 
more, in the reconstituted complexes saturated 
phosphatidylcholine is more readily incorporated 
than unsaturated species of this phospholipid. 
Lamellar bodies are characterized by a high 
phospholipid content, which enables isolation of 
this organelle by density gradients. We investi- 
gated whether reconstituted lamellar body-protein 
and phospholipid could be separated from non-re- 
constituted entities by sucrose gradient centrifuga- 
tion. Fig. 4 shows the distribution of protein and 
phospholipid in the gradient after cholate recon- 
stitution and centrifugation. Both protein and lipid 
phosphorus are recovered at two discrete places in 
the gradient, 1.e. at the interfaces between 0.1 and 
0.3 M (fractions 1-4) and 0.3 and 0.66 M sucrose 
(fractions 9-13). Lipid phosphorus is recovered 
for about 32% at the higher density and for 68% at 
the lower. Protein is found with 90% recovery at 
lower and for only 10% at higher density. Since 
lamellar bodies can be isolated at the interface 
between 0.3 and 0.66 M sucrose, we concluded 
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Fig 4. Separation of reconstituted and non-reconstituted 
lamellar body protein and phospholipid by sucrose gradient 
centnfugation. Lamellar bodies were isolated and delpidated 
as described in the legend of Fig 2 Reconstitution was per- 
formed with 90 pg lamellar body protein, 900 nmol lamellar 
body phospholipid and 900 nmol egg phosphatidylcholine as 
described in the Materials and Methods. The mixture (0 8 ml) 
was applied onto a discontinuous sucrose gradient as de- 
scribed. When the run was completed, gradients were collected 
in 05 ml fractions and assayed for protein and lipid phos- 
phorus. Results are expressed as % recovery of protein and 
lipid phosphorus in each fraction A typical example from a 
series of three experiments is shown Fractions were numbered 
from top to bottom 


that the phospholipid and protein recovered at 
that density upon cholate reconstitution is most 
likely to be the reconstituted phospholipid-protein 
complex. This was confirmed in the next series of 
experiments in which the specificity of the lamel- 
lar body protein for the incorporation of saturated 
phosphatidylcholine species was investigated by 
means of cholate reconstitution, using sucrose 
gradient centrifugation for the separation of re- 
constituted and non-reconstituted phospholipid 
and protein. Fig. 5 shows that, in presence of 
lamellar body protein, two peaks of phosphati- 
dylcholine-associated radioactivity can be re- 
covered at the same positions in the gradient as 
lipid phosphorus and protein in Fig. 4. However, 
1-acyl-2-[1-!4C]palmitoyl- and“ 1-acyl-2-[9,10- 
3H]oleoylphosphatidylcholine were distributed 
disproportionately over the two peaks, the former 
being more abundant at higher density and the 
latter at lower density, with 7H/‘*C ratios of 0.7 
and 4.2, respectively. The ratio before reconstitu- 
tion was 3.0. Without lamellar body protein pre- 
sent, only the lower-density peak was observed, 
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Fig 5. Distmbution of reconstituted lamellar body protein and phospholipid in sucrose gradients Lamellar body protein and 
phospholipid were isolated as described under Materials and Methods The reconstitution mixture contained 200 nmol lamellar body 
phospholipid and 200 nmol egg phosphatidylcholine, together with 3 nmol 1-acyl-2-[9,10-*H] oleoylphosphatidylcholine (20000 
dpm/nmol) (18-1 PC) and 0.1 nmol 1-acyl-2-[1-'*C] palmitoylphosphatidylcholine (200000 dpm/nmol) 16.0 PC) Experiments 
were carried out in presence (panel A) or absence (panel B) of 20 pg lamellar body protein After removal of the cholate, the 
incubation mixtures (0.8 ml) were centrifuged in a discontinuous sucrose gradient, as described Results are expressed as % recovery 
of 7H and C radioactivity ın each fraction. Fractions were numbered as in Fig 4. 


indicating that the appearance of the higher-den- 
sity peak is due to to the formation of phospholi- 
pid-protein complexes. 

A comparison of the results in Figs. 3 and 5 
strongly suggests that the reconstituted structures 
are not homogeneous. Whereas about 50% of the 
protein after reconstitution is recovered in large 
structures (Fig. 3), not all of this protein is present 
in structures with a density comparable to that of 
lamellar bodies, as evidenced by the fact that only 
about 10% of the protein is recovered in such 
fractions (Fig. 5). Both the size and density 
analyses, however, show a preference for the as- 
sociation of disaturated phosphatidylcholine with 
lamellar body protein. In this respect it is interest- 
ing to note that Tsao [28] demonstrated that, upon 
incubation of rabbit lung slices with multilamellar 
liposomes, 30-50% more dipalmitoylphosphatidyl- 
choline was incorporated into the lamellar bodies 
than dioleoylphosphatidylcholine. Tsao suggested 


that phosphatidylcholine-transfer proteins specific 
for disaturated species were involved in this trans- 
fer. Possibly the lamellar body protein could be 
responsible for the observed preferential uptake of 
dipalmitoylphosphatidylcholine. 

Until now, reassembly studies of isolated lamel- 
lar body proteins with phospholipid have not been 
reported. Some data are available, however, on the 
interaction of phospholipids with surfactant pro- 
tein. It has been shown that isolated surfactant 
protein can readily reassemble with phospholipids 
[30-34]. Unfortunately, in the reports a possible 
specificity of the surfactant protein towards 
saturated phosphatidylcholine was not investi- 
gated. It could be of interest to compare the 
behavior of the proteins from surfactant and 
lamellar bodies in order to gain further evidence 
for both protein pools’ being identical. Further 
investigations will also be necessary to elucidate 
the mechanism for the specific recognition of 
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saturated phosphatidylcholine and.to assess which 
of the lamellar body proteins is responsible for 
this phenomenon. 
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Astrocytes synthesize apolipoprotein E and metabolize apolipoprotein 
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We have previously demonstrated that astrocytes synthesize and secrete apolipoprotein E in situ. In the 
present work, primary cultures of rat brain astrocytes were used to study apolipoprotein E synthesis, 
secretion, and metabolism in vitro. The astrocytes in culture contained immunoreactive apolipoprotein E in 
the area of the Golgi apparatus. Incubation of the astrocytes with [°°S]methionine resulted in the secretion 
of labeled immunoprecipitable apolipoprotein E, which constituted 1-3% of the total secreted proteins. The 
apolipoprotein E secreted in culture and the apolipoprotein E in rat brain extracts differed from serum 
apolipoprotein E in two respects: both had a slightly higher apparent molecular weight (approx. 36000) and 
more acidic isoforms than serum apolipoprotein E. Sialylation of the newly secreted apolipoprotein 
accounted for the difference in both the apparent molecular weight and isoelectric focusing pattern of newly 
secreted apolipoprotein E and plasma apolipoprotein E. The astrocytes possessed apolipoprotein B,EG_LDL) 
receptors capable of binding and internalizing apolipoprotein E-containing lipoproteins. The uptake of 
lipoproteins by the cells led to a reduction in the number of cell surface receptors and to the intracellular 
accumulation of cholesteryl esters. Since apolipoprotein E is present within the brain, and since brain cells 
can express apolipoprotein B,ECLDL) receptors, apolipoprotein E-containing lipoproteins may function to 
redistribute lipid and regulate cholesterol homeostasis within the brain. 


Abbreviations: AcAc, acetoacetylated; apolipoprotein Introduction 


B,E(LDL) receptor, LDL receptor; apolipoprotein E HDL,, a 


cholesterol-induced canine hpoprotem, which contains apoli- 
poproten E as its only protein constituent; $B-VLDL, 
cholesterol-rich $-migrating very low density lipoproteins; Dil, 
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine; GFAP, 
glial fibrillary acidic protein; HDL, high density lipoproteins; 
HDL, rat lipoproteins that contain apolipoprotein E and 
apolipoprotein A-I and that float at d =102-~-1.063 g/ml upon 
centrifugation; IgG, immunoglobulin G, LDL, low density 
lipoproteins; SDS, sodium dodecyl sulfate 
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Plasma lipoproteins, which contain apolipopro- 
tein B and apolipoprotein E, play key roles in the 
transport of lipid and in cholesterol homeostasis 
[1-3]. Lipoproteins that contain apolipoprotein B 
bind to the low density lipoprotein (LDL) recep- 
tor in hepatic and extrahepatic tissues, whereas 
lipoproteins that contain apolipoprotein E bind to 
both the LDL receptor (often called the apolipo- 
protein B,E(LDL) receptor because of its dual 
apolipoprotein specificity) and an apolipoprotein 
E-specific receptor present in the liver [3,4]. Up- 
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take of cholesteryl ester-rich lipoproteins by cells 
‘expressing the apolipoprotein B,E(LDL) receptor 
leads to the liberation of free cholesterol within 
the cells and a reduction both in the number of 
receptors and in the endogenous synthesis of 
cholesterol. 

Cerebrospinal fluid contains apolipoprotein E 
but not apolipoprotein B [5,6]. Roheim et al. [5] 
observed that the amount of apolipoprotein E in 
human cerebrospinal fluid was 2.7% of the level 
found in plasma, whereas albumin and apolipo- 
protein A-I (a lower-molecular-weight apolipopro- 
tein) were present at 0.5 and 0.4%, respectively, of 
their plasma levels. These data suggested that apo- 
lipoprotein E was present in cerebrospinal fluid at 
a concentration higher than would be expected for 
a filtered plasma protein and that apolipoprotein 
E might be produced and secreted by tissues of 
the nervous system. More recently, Elshourbagy et 
al. [7] noted that brain tissue of humans, marmo- 
set monkeys, and rats contains high concentra- 
tions of apolipoprotein E mRNA (approximately 
30% the level in the liver) and therefore has the 
capacity for apolipoprotein E synthesis. 

Recently, the specific cells in the brain that 
synthesize apolipoprotein E have been identified 
immunocytochemically [8]. Within the central 
nervous system, all astrocytes, including the spe- 
cialized astrocytes (Bergmann glia, tanycytes, 
pituicytes, and Miiller cells), contain appreciable 
concentrations of apolipoprotein E. Electron mi- 
croscopic immunocytochemical studies demon- 
strated apolipoprotein E in the Golgi apparatus of 
these cells, indicating that the astrocytes secrete 
apolipoprotein E. In the peripheral nervous sys- 
tem, apolipoprotein E was found in satellite cells 
of the superior cervical sympathetic ganglion and 
dorsal root ganglion, enteric glia, and a subset of 
nonmyelinating Schwann cells (but not in myelin- 
ating Schwann cells). 

Increasing evidence suggests that apolipopro- 
tein E plays an important role in nervous tissue 
metabolism. A 37000-Da protein that accumulates 
in nerve tissue after injury to the nerve has been 
identified as apolipoprotein E [9-11]. Skene and 
Shooter [12] and Miiller et al. [13] have reported 
that synthesis of the 37000-Da protein increases 
in response to crush injury of central and periph- 
eral nerves, coincident with Wallerian degenera- 
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tion and the need to mobilize lipid from degener- 
ating myelin. More recent studies of the 37000-Da 
protein in sciatic nerve of neonatal rats suggest 
that apolipoprotein E may also play a role in 
normal nerve growth and maturation [14]. 

Since apolipoprotein E-containing lipoproteins 
are present in cerebrospinal fluid and apolipopro- 
tein E has been extracted from brain tissue, it is 
probable that apolipoprotein E-containing lipo- 
proteins serve a lipid transport role within the 
brain, just as they do within the general circula- 
tion. This possibility is strengthened by the ob- 
servation that certain brain cell lines metabolize 
lipoproteins: human malignant glioma cells (U- 
251MG) possess receptors for LDL [15], and LDL 
regulate the synthesis of cholesteryl ester and 


- cholesterol in C-6 glioma cells [16]. No characteri- 


zation of the apolipoprotein specificity of these 
receptors has been reported, however, nor have 
lipoprotein receptors been characterized in primary 
cultures of normal brain cells. The present studies 
were initiated to demonstrate directly the synthe- 
sis and secretion of apolipoprotein E by astrocytes 
and to characterize the lipoprotein i of 
astrocytes in primary culture. 


Materials and Methods 


Materials. Ascites fluid containing the mouse 
monoclonal antibody against glial fibrillary acidic 
protein (GFAP), biotinylated anti-mouse im- 
munoglobulin G (IgG), and Texas Red-labeled 
strepaviden were purchased from Amersham/ 
Searle (Arlington Heights, IL), Fluorescein-labeled 
goat anti-rabbit IgG was obtained from Zymed 
Laboratories (South San Francisco, CA). Rabbit 
anti-rat apolipoprotein E antiserum was raised 
against purified rat apolipoprotein E, and is known 
to be monospecific, as determined by immunob- 
lotting of rat brain and liver extracts and rat 
plasma [8]. The fluorescent probe 1,1’-dioctadecyl- 
3,3,3’,3’-tetramethylindocarbocyanine (Dil) was 
purchased from Molecular Probes Inc. (Eugene 
OR). 

Cell isolation. Primary cultures of rat brain cells 
were prepared from tissues of either fetal or new- 
born rats. Pregnant Sprague-Dawley rats (at 19-21 
days gestation) were anesthetized with pentobar- 
bital (65 mg/kg, I.P.), and their fetuses were 
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removed and decapitated prior to removal of their 
brains. Newborn rats (1—3 days old) were etherized 
and decapitated. The meninges were carefully re- 
moved from the brains, and the tissue finely diced. 
The cells were dispersed by vortexing [17] for 3 
min in Dulbecco’s modified Eagle’s medium con- 
taining 20% fetal calf serum before passage through 
nylon mesh (80 um, then 10 pm) to remove de- 
bris. The cells were grown in monolayer culture on 
tissue culture dishes (cells from one brain were 
grown on 75-100 35-mm dishes) or tissue culture 
chamber slides at an equivalent density. Cells were 
routinely grown in Dulbecco’s modified Eagle’s 
medium containing streptomycin, penicillin, and 
10% fetal calf serum. Three days after isolation, 
the cells were washed two times and the medium 
was changed. The medium was then changed ev- 
ery 3 days until the cells were used. In initial 
studies, the diced brain tissue was digested with 
trypsin prior to sieving. However, similar experi- 
mental results were obtained using the Vortex-dis- 
rupted brain cells, which produced cultures with a 
higher percentage of astrocytes. Therefore, cells 
obtained from Vortex-disrupted brains were used 
in all subsequent experiments. 

Unstimulated mouse peritoneal macrophages 
were isolated and human fibroblast cultures 
established as described previously [18-20]. 

Immunocytochemistry. The immunocytochemi- 
cal techniques used were similar to those per- 
formed by Boyles et al. [8]. Cells were washed 
three times with phosphate-buffered saline and 
then fixed for 3 h at 4°C in 0.15 M phosphate 
buffer (pH 7.4) containing 4% formaldehyde pre- 
pared from paraformaldehyde. The plates were 
washed three times with phosphate-buffered saline. 
Nonspecific binding sites were then blocked and 
the cells made permeable by incubation for 30 min 
to 3 h in buffer containing goat serum (1:50 
dilution), 1% ovalbumin, 0.15% Triton X-100, and 
150 mM ammonium acetate in half-strength phos- 
phate-buffered saline (pH 7.4). The primary anti- 
serum was then diluted (apolipoprotein E anti- 
serum, 1:20000; anti-GFAP, 1: 1500) in incuba- 
tion buffer (phosphate-buffered saline containing 
0.1% ovalbumin, 15 mM ammonium acetate, with 
0.15% Triton X-100) and incubated with the cells 
for 16-24 h. The cells were washed as previously 
described and then reacted in one of two ways, 


either with immunoperoxidase reagents to localize 
apolipoprotein E and GFAP separately as previ- 
ously described [8] or with immunofluorescence 
reagents, which permitted the detection of both 
apolipoprotein E and GFAP in the same cells. 
The dual-label immunofluorescence visualiza- 
tion was performed as follows. The cells, which 
had been incubated with both primary antibodies 
simultaneously, were washed and incubated with 
biotinylated anti-mouse IgG (1: 300 dilution) and 
fluorescein-labeled goat anti-rabbit IgG (1: 500 
dilution) for 3 h in incubation buffer without 
Triton X-100. They were then washed for 2 h, 
incubated for 30 min with a 1:1000 dilution of 
Texas Red-labeled strepaviden in the same buffer, 
and washed. The cells were mounted with 75% 
glycerol in phosphate-buffered saline. 
Apolipoprotein E synthesis. Dissociated brain 
cells were grown for 1-2 weeks in Dulbecco’s 
modified Eagle’s medium containing 10% fetal 
calf serum. Before the experiment, the tissue cul- 
ture plates were washed two times with Dulbecco’s 
modified Eagle’s medium and one time with 
methionine-free Dulbecco’s modified Eagle’s 
medium. Medium (Dulbecco’s modified Eagle’s 
medium with 25% of the normal 1L-methionine) 
containing [*°S]methionine (100-200 pCi/ml) was 
added to each tissue culture plate and incubated 
at 37°C for 16 h. The medium was removed and 
centrifuged at 3000 xg for 10 min to remove 
cellular debris, and the trichloroacetic acid- 
precipitable [*°S]methionine-labeled proteins were 
measured. Medium from the cells was incubated 
with monospecific rabbit anti-rat apolipoprotein E 
immune serum, and then the apolipoprotein E-IgG 
complex was precipitated with Protein A (lg- 
GSORB, The Enzyme Center, Boston, MA). Non- 
specific immunoprecipitable material had been 
previously removed with nonimmune rabbit serum. 
Whole medium and immunoprecipitates were 
analyzed by 10% sodium dodecyl sulfate (SDS)- 
polyacrylamide slab gel electrophoresis and visual- 
ized by autoradiography. The relative amount of 
apolipoprotein E synthesized was calculated as the 
percentage of the total [?°S]methionine-labeled 
protein (trichloroacetic acid-precipitable counts) 
immunoprecipitated with anti-rat apolipoprotein 
E immune serum and by densitometric scanning 
of autoradiograms of total proteins separated by 


electrophoresis on SDS-polyacrylamide gels. 

Newly synthesized [*°S}methionine-labeled apo- 
lipoprotein E was also examined by isoelectric 
focusing before and after neuraminidase digestion. 
For this purpose, the apolipoprotein E was first 
separated from other labeled proteins. This was 
accomplished by raising the density of the cell 
culture medium to 1.2] g/ml with solid KBr and 
ultracentrifugation (59000 rpm) for 24 h at 4°C in 
a Beckman 60 Ti rotor. The material that floated 
was dialyzed prior to the performance of neu- 
raminidase digestion and isoelectric focusing as 
previously described [21]. 

Lipoprotein preparation. Rat high density hpo- 
proteins (HDL) (d= 1.125-1.21 g/ml) and rat 
LDL and HDL, (d= 1.02-1.063 g/ml) were iso- 
lated by ultracentrifugation [22]. The rat LDL, 
containing only apolipoprotein B, and HDL,, con- 
taining apolipoprotein E and apolipoprotein A-I. 
were separated by preparative electrophoresis [23]. 
Canine apolipoprotein E HDL. (d= 1.006-1.02 
g/ml) and canine B-VLDL (d < 1.006 g/ml) were 
isolated from the plasma of cholesterol-fed dogs 
[24] by a combination of centrifugation and pre- 
parative electropboresis as previously described 
[23.25]. The apolipoprotein E HDL. contain only 
apolipoprotein E. while B-VLDL contain apolipo- 
proteins B and E. Lipoprotein-deficient human 
serum (d > 1.21 g/ml) was prepared as described 
[26]. Lipoproteins were iodinated by the procedure 
of Bolton and Hunter [27]. Lipoproteins were 
labeled with the fluorescent probe Dil as previ- 
ously described [28] and acetoacetylated by reac- 
tion with diketene [19.28]. The purity of the 
lipoprotein fractions, which was assessed by 
SDS-polyacrylamide gel electrophoresis [29]. was 
similar to that previously obtained [18,30]. 

Cell binding studies. Primary cultures of brain 
cells were used for binding studies when the cells 
were essentially confluent. 1-2 weeks after isola- 
tion. In some experiments, the medium was 
changed to Dulbecco’s modified Eagle's medium 
containing 10% lpoprotein-deficient human serum 
(the d> 1.21 g/ml ultracentrifugal fraction of 
human serum) 48 h before the experiment to 
deplete the cells of cholesterol and to up-regulate 
the expression of the apolipoprotein B.EC(LDL) 
receptors. 

For direct and competitive binding experiments 


at 49C, the tissue culture plates containing the 
primary cultures of astroevtes were cooled to 4°C 
for 5 min prior to addrtion of tae lipoproteins in 
ice-cold Dulbecco's modified Fagie’s mediun con- 
taming 10% lipoproterm-deficient human serum. 
Direct binding experiments were conducted for 3 
h at 4°C [31]. Equilibrium dissociation constants 
for rat lipoproteins were calculated as previously 
described [30]. Competitive binding experiments 
were conducted for 2 h at 4°C. After the mcuba- 
tion, cells were washed three times with phos- 
phate-buffered saline containing 10% bovine serum 
albumin and then left in the same solution for 10 
min. The second 10-min wash was followed by a 
final washing with phosphate-buffered saline Be- 
fore cells were solubilized using three 0.5-ml 
aliquots of 01 M NaOH. Radioactivity was mea- 
sured and the protein was assayed [32]. 

Direct binding experiments were also con- 
ducted at 37°C to demonstrate degradation of the 
lipoproteins by the cells. Cells were incubated for 
Sh at 37°C with hpoprotems in Dulbecco's mod- 
ified Eagle's medium containing 10% lpoprotem- 
deficient human serum as described previously 
[33]. After incubation, the cells were washed and 
cell-associated (bound and internalized) radioue- 
tivity was determined as described above. The 
degraded lipoproteins that accumulated in the 
medium were measured as described [33]. Non- 
specific binding of the iodinated ligands has been 
subtracted from both the 4°C and 37°C direct 
binding data. Nonspecific binding was measured 
in the presence of a 60-fold excess of nonlabeled 
canine B-VLDL. 

The effect of incubation of the cells with lipo- 
protem on cholesteryl ester synthesis was de- 
termined either by the incorporation of [4 Cloleate 
into cholesteryl ester or by the effect on the 
cholesteryl ester mass within the cells. Both of 
these procedures were conducted at 37°C us de- 
scribed previously [3334]. 


Results 
Identification of the cell producing apolipoprotein E 
in culture 


Nearly pure cultures of astrocytes can be pre- 


[17]. Astrocytes represented approx. 95% of the 


cells in the brain cell cultures produced by this 
procedure as determined by their morphological 
response to incubation with dibutyryl evclic AMP 
and their content of glial fibrillary acidic protein 
(GFAP). When the cultured cells were incubated 
with fluorescently labeled acetoacetylated (AcAc) 
LDL. a lipoprotein that is internalized by macro- 
phages through specific receptors [35-37]. only 
AIPPFON. < ,% of the cells were labeled. These cells 
were identified as either microglia or monocyte- 
derived macrophages 

fo assess the ability of astrocytes in primary 
cultures to produce apolipoprotein E. dual-label 
immunofluorescence studies were performed. As 
trocvtes were identified by the presence ol ¢ iFAP 
and apolipoprotein E was identified with a mono- 
specific antibody. As shown in Fig. 1. cells that 
reacted positively with the anti-GFAP anubody 
contained apolipoprotein E as well. The apolipo- 
protein E was localized to one side of the nucleus 
of the astrocytes. as would be expected lor a 


secretory protein in the Golgi apparatus. whereas 


the intermediate filament protein GFAP occurred 





in fibers in the cell processes and in the cell body. 
[he location of apolipoprotein E within the cells 
was more clearly visualized by an immunoperoxt- 
dase procedure. As shown in Fig. 2. the apolipo- 
protein E occurred in stacks near the nucleus ol 
the astrocytes, indicating the presence of this pro- 
tein m multiple Golgi apparatus, whereas the 
GFAP was visualized as a filamentous network 
within the cells. Another type of cell present in 
small numbers also contained apolipoprotein E, as 
has been reported previously [9]. These small round 
cells. which were not positive for GFAP. were 
identical to cells that bound and internalized Dil- 
labeled AcAc LDL and were therefore identified 


as macrophages 


Ipolipoprotein E synthesis bDi promar) cultures of 
hrain cells 
Ihe primary cultures of rat brain cells (95% 
astrocytes) were incubated in medium containing 
S|methionine to label the newly synthesized 
apolipoprotein E. The apolipoprotein E was then 


precipitated from the cell medium using rabbit 


3, |. Fluorescent photomicrograph showing 


occurrence Of apolipoprotein E (green) 
ind ghal fibrillary acidic protein (GEAP) 
(red) in the same astrocytes in vitro. Both 
í] peprotein E and GFAP are visualized in 
the same cells by dual-label immunofluores 


‘nee (sce Materials and Methods) SO) 
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Fig. 2. Immunoperoxidase visualization of apolipoprotein E (panel A) and GFAP (panel By Within astrocytes in primary: colton 
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anti-rat apolipopro'ein E immune serum. As shown 
in the autoradiogram in Fig. 3. [° S]methionine- 
labeled apolipoprotein E (apparent M, = 36000) 
was immunoprecipitated from the [*°S|meth- 
ionine-labeled proteins in the medium, (In ad- 
dition to apolipoprotein E. the antibody also pre- 
cipitated a variable small amount of other material, 
as can be seen in both Figs. 3 and 4. This material 
probably represents aggregates of apolipoprotein 
E or nonspecific precipitation.) In this particular 
experiment the immunoprecipitated apolipopro- 
tein E represented 1.5% of the secreted protein. 
Measurements of apolipoprotein E secretion 
ranged between | and 3% of total secreted pro- 
teins in additional experiments. Quantitation based 
on immunoprecipitation of [> S]methionine- 
labeled apolipoprotein E agreed with the results 
obtained from densitometric scanning of the auto- 
radiograms of SDS-polyacrylamide gels of whole 
medium. 

The apolipoprotein E in rat brain extracts has 
previously been shown by SDS-polyacrylamide gel 
electrophoresis to have a slightly higher apparent 
molecular weight than apolipoprotein E of rat 
serum or apolipoprotein E extracted from rat liver 


[8]. To determine whether the apparent moleculia 
weight of the newly synthesized apolipoprotein F 
from brain cell cultures was similar to that of the 
apolipoprotein E present in the brain in vivo. the 
migration of '"I-labeled serum apolipoprotein F 
and '**|-labeled brain apolipoprotein E was com- 
pared with | °S|methionine-labeled apolipoprotein 
E produced by astrocytes in culture. As shown in 
Fig. 4. the [ °S]methionine-labeled apolipoprotein 
E that was immunoprecipitated from brain cell 
culture medium had an apparent molecular weight 
similar to that of the '°°l-apolipoprotein E im- 
munoprecipitated from rat brain extract and a 
higher apparent molecular weight than that of the 
major component of '°l-apolipoprotein E im- 
munoprecipitated from rat serum. The immuno- 
precipitated apolipoprotein E from the cultures 
often appeared as a diffuse band on SDS-poly- 
acrylamide gels and sometimes separated into 
multiple bands (as seen in Fig. 4). suggesting the 
presence of multiple sialylated forms. Sialylated 
forms of apolipoprotein E are known to have u 
higher apparent molecular weight than nonstaly- 
lated forms [38]. 

To determine whether the newly secreted apoli- 
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secreted by ustroevtes in vitro (left lane) and apolipoprotein E 
mmunopreapitated from the medium with an anti-apolipo- 
protem E antibody ¢right lane). Primary cultures of rat brain 
astrocytes were established and grown in culture for 6 days 
The cells were then incubated for 16 h in serum-free medium 
containing 100 aCi of [S}methionine ‘ml The proteins 
secreted into the medium were immunoprecipitated with an 
unti-apolipoprotein E. separated by SDS-polyacrviamide gel 
electrophoresis. and visualized by autoradiography 


poprotein E was sialylated. the pattern of isoforms 
was examined by isoelectric focusing before and 
after neuraminidase digestion. For this purpose. 
the newly synthesized [*°S}methionine-labeled 
apolipoprotein E was first separated from other 
labeled proteins by flotation at a density of 1.21 
g/ml. A variable proportion of newly synthesized 
apolipoprotein E floated at this density and was 
separated easily from other labeled proteins. Both 
brain apolipoprotein E and the apolipoprotein E 
secreted by astrocytes in vitro (lanes a and c. 
respectively, in Fig. 5) consisted predominantly of 
more acidic isoforms than were found in rat serum 
apolipoprotein E (lane b in Fig. 5). As expected if 
the higher-molecular-weight forms are sialylated. 
neuraminidase digestion of the apolipoprotein E 
secreted by the astrocytes resulted in a shift in the 
isoelectric focusing pattern to more basic forms 
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hig 4. Comparison of the apparent molecular weight of apoli- 
poprotein E immunoprecipitated from astrocyte culture 
medium. rat brain extract. and rat serum. The | S|meth- 
wnine-labeled apolipoprotein E from the medium of the cul- 
lured rat astroevtes was ImmMunoprecipitated as described in 
Fig. 3. The apolipoprotein E in rat brain extract and rat serum 
was labeled with I and then ImMmunoprecipitated with anti- 
apolipoprotein E. The samples were separated by SDS-polv- 
acrylamide gel electrophoresis and visualized by autoradiogra- 
phy 


(lane d in Fig. 5). The existence of two forms after 
neuraminidase digestion may be due to incom- 
plete hydrolysis: however. the possibility that ad- 
ditional forms are present cannot be excluded. 


Characterization of lipoprotein receptors expressed 
hy primary cultures of brain cells 

The ability of the cultured brain cells to bind 
and internalize lipoproteins was determined by 
using lipoproteins labeled with the fluorescent 
probe Dil. The canine apolipoprotein E HDL... 
lipoproteins that contain only apolipoprotein E, 
were labeled with Dil and incubated with the 
cells. As shown in Fig. 6 (left panel), almost all of 
the cells showed punctate fluorescence as a result 
of the internalization of the labeled lipoproteins 
and their sequestration into lysosomes. Incubation 
of the cells with Dil-labeled human LDL, which 
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Fig. 5. Isoelectric focusing of rat brain apolipoprotein E., rat 
serum apolipoprotein E., and apolipoprotein E secreted by 
astrocytes in vitro. Panel A (an autoradiogram of an im- 





contain apolipoprotein B as their only protein 
constituent, gave similar results, i.e., most of the 
cells were fluorescently labeled but with a lower 
labeling intensity. The binding of the Dil-labeled 
apolipoprotein E HDL. and LDL to the brain 
cells was highly specific. No uptake of the fluo- 
rescent lipoproteins was observed when the cells 
were incubated with Dil-labeled apolipoprotein E 
HDL. in the presence of a 100-fold excess ol 
nonlabeled apolipoprotem E HDL.. In addition, 
chemical modification of the lysine residues of the 
human LDL by acetoacetylation blocked binding 
to the receptor, as assessed by the lack of uptake 
of Dil-labeled AcAc LDL. (It has been shown 


munoblot) compares the isoform pattern of apolipoprotein | 
from rat brain extract (lane a) and rat serum (lane b). Panel B 
is an autoradiogram of S]methionine labeled apolipoprotein 
E secreted by astrocytes in culture before (lane c) and afte: 


(lane d) neuraminidase treatment. The apolipoprotein | 
secreted by the astrocytes was first separated from other labeled 


proteins by centrifugation (see Materials and Methods) 
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Fig. 6. The uptake of fluorescently labeled apolipoprotein E HDL, by a primary culture of rat brain astrocytes. The same field has 


been photographed under fluorescence (left panel) and phase contrast (right panel) illumination. Primary cultures of astrocytes wer 


established and maintained in culture in medium containing 10% fetal calf serum. The cells were then incubated for 24 h in medium 


containing 10% lipoprotein-deficient human serum to up-regulate apolipoprotein B,E(LDL) receptors. The cells were incubated for < 
h with apolipoprotein E HDL, labeled with the fluorescent probe 1,1°-dioctadecyl-3,3,3',3’-tetramethylindocarbocyanine (5 ug ol 


protein/ml of medium). x 180. 
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that such modification blocks lipoprotein binding 
to apolipoprotein B,E(LDL) receptors on fibro- 
blasts (for review, see Ref. 3).) 

The receptors on the cultured astrocytes were 
further characterized by studying the direct bind- 
ing of canine apolipoprotein E HDL,, rat LDL, 
and rat HDL,. The apolipoprotein E HDL. con- 
tain apolipoprotein E as their only protein con- 
stituent, rat LDL contain only apolipoprotein B, 
and rat HDL, contain apolipoprotein E and a 
variable small amount of apolipoprotein A-I. As 
shown in Fig. 7, direct binding experiments con- 
ducted at 4°C revealed that the binding of both 
rat LDL and apolipoprotein E HDL, was satur- 
able, indicating that the lipoproteins bound to a 
limited number of receptors. When the data were 
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Fig. 7. The direct binding of rat LDL and canine apolipopro- 
tein (apo) E HDL, to rat brain cells, Primary cultures of rat 
brain cells were derived from fetal rats and grown in culture 
for 5 days in Dulbecco’s modified Eagle's medium containing 
10% fetal calf serum. The medium was then changed to 
Dulbecco's modified Eagle’s medium containing 10% hpopro- 
tein-deficient human serum, and experiments were conducted 2 
days later. The plates were cooled to 4°C, and the indicated 
concentrations of either 7 I-labeled rat LDL or '**I-labeled 
apohpoprotein E HDL. were added in ice-cold Dulbecco's 
modified Eagle’s medium containing 10% lipoprotein-deficient 
human serum. The plates were incubated in the cold room at 
4°C for 3 h prior to washing the cells (see Materials and 
Methods). Nonspecific binding (i.e., binding that occurred in 
the presence of a 60-fold excess of nonlabeled B-VLDL) has 
been subtracted. 


analyzed as described by Scatchard [39], the K, 
for the binding of apolipoprotein E HDL, and rat 
LDL was 0.10 (0.18 nM) and 3.2 ug/ml (3.5 nM), 
respectively. At receptor saturation, the cells bound 
approximately twice as much rat LDL as canine 
apolipoprotein E HDL... The rat lipoprotein HDL, 
also bound to receptors with high affinity (Kg, 
average of 2.9 ng/ml (3.4 nM)) (data not shown). 
At 37°C the cells bound, internalized, and de- 
graded both rat LDL and rat HDL, (Fig. 8). 

Competitive binding studies demonstrated that 
the rat LDL and HDL, were binding to the same 
receptors (Fig. 9). The rat LDL and HDL, were 
both capable of competing to the same extent for 
the binding (i.e. were able to compete for the 
same percentage of the total binding) of rat +51- 
labeled LDL or ‘I-labeled HDL,. In contrast, 
normal rat HDL (d= 1.125-1.21 g/ml), which 
contain little apolipoprotein E, were not capable 
of competing for binding. Thus, the receptor re- 
sponsible for binding the apolipoprotein B- and 
E-containing lipoproteins is the apolipoprotein 
B,E( LDL) receptor. 

Rat LDL, rat HDL,, and canine B-VLDL (a 
cholesteryl ester-rich lipoprotein that binds to the 
apolipoprotein B,E(LDL) receptor via the apoli- 
poprotein E present on its surface [40]) were capa- 
ble of stimulating the incorporation of ['*C]oleate 
into cholesteryl esters by the isolated brain cells 
(Fig. 10), whereas HDL without apolipoprotein E 
were not. The maximum level of stimulation ob- 
served with the rat LDL and HDL, was twice the 
level observed in the control brain cells, whereas 
incubation with B-VLDL resulted in a 4-fold in- 
crease in cholesteryl ester synthesis over the level 
seen in the control brain cells. The apparent 
cholesterol [‘4C]oleate formation of control brain 
cells was 6-times greater than the amount ob- 
served for fibroblasts and macrophages. However, 
no significant differences were observed in the 
mass of cholesteryl ester in the control brain cells, 
fibroblasts, and macrophages. These data sug- 
gested that the cholesterol moiety of the cholesteryl 
esters within the control brain cells might have 
become radiolabeled. To test the ability of the 
cultured cells to metabolize ['*C]oleate, they were 
incubated with ['*C]oleate, and the cholesterol 
mass and the distribution of the radioactivity in 
the free and esterified cholesterol were analyzed. 
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Fig. 8 Specific concentration-dependent binding and internalization (panel A) and degradation (panel B) of 1257-Jabeled rat LDL (a) 
and !*°]-labeled rat HDL, (@) by rat brain cells. Cells were obtained and maintained as descmbed in Fig 7 Following incubation 
with 10% hpoprotein-deficient human serum, the cells were incubated for 5 h at 37°C with the indicated concentration of ether 
labeled rat LDL or rat HDL,. Determination of cell-associated hpoproteins and degraded lipoproteins was performed as described ın 
Materials and Methods Nonspecific cell-associated binding and degradation, determined in the presence of a 60-fold excess of 
nonlabeled B-VLDL, has been subtracted 





The free cholesterol from the brain cells contained than was observed in the macrophage cholesterol. 
4-times more radioactivity than was seen in the Brain cells, therefore, oxidized [}*C]oleate and in- 
cholesterol from the fibroblasts and 8 times more corporated the acetate units into cholesterol more 
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Fig, 9 Competition for the binding of }* I-labeled rat LDL (panel A) and I-labeled rat HDL, (panel B) by an excess of 
nonlabeled rat LDL, rat HDL, or rat HDL Cells from fetal rat brains were grown in primary cultures for 5 days ın Dulbecco’s 
modified Eagle’s medium containing 10% fetal calf serum The medium was then changed to Dulbecco’s modified Eagle’s medium 
containing 10% lipoprotein-deficient human serum, and experiments were conducted on day 7 of growth ın culture. The cells were 
cooled to 4°C and incubated for 2 h at 4°C with medium containing exther 0.5 pg of 17 I-labeled rat LDL protein/ml or 0.5 pg of 
1251 -Jabeled rat HDL, protem/ml along with the indicated concentrations of nonlabeled lipoprotein. The plates were then washed, 
the cells solubilized ın 01 M NaOH, and the plates counted for radioactivity The binding of '?°I-labeled rat LDL and !*°I-labeled 
rat HDL, in the absence of competing lipoproteins was 71 and 46 ng/mg of cell protein, respectively 
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Fig 10 Stimulation of the incorporation of ['*C]oleate into cholesteryl ['*C]oleate by rat astrocytes as a function of the 
concentration of normal rat HDL, LDL, HDL,. Prmary cultures of rat brain astrocytes and human fibroblasts were grown for 6 
days in Dulbecco’s modified Eagle’s medium contaimng 10% fetal calf serum Mouse peritoneal macrophages were assayed 2 days 
following isolation The cells were incubated for 16 h in serum-free Dulbecco’s modified Eagle’s medium containing 01 mM 
[1f Cloleate (24000 dpm/nmol) per dish, as well as the indicated concentration of either rat HDL, LDL, HDL,, or B-VLDL The cells 
were harvested, and the concentration of cholesteryl [1f C]oleate in the cells was determined. 


readily than did fibroblasts or macrophages. 

Since the stimulation of the incorporation of 
[14C]oleate into cholesteryl esters in response to 
incubation with lipoproteins did not provide a 
reliable measure of cholesteryl ester synthesis in 
astrocytes, the mass of cholesteryl ester was de- 
termined directly. Incubation of the cells at 37°C 
with B-VLDL (100 ug of lipoprotein cholesterol / 
ml of medium) for 16 h in serum-free medium 
resulted in a 21-fold increase in the amount of 
cholesteryl esters within the brain cells (1.15 ug of 
cholesteryl ester/mg of cell protein in control 
cells and 24.3 pg of cholesteryl ester/mg of cell 
protein after incubation with B-VLDL). 

To determine whether the number of receptors 
was regulated by the content of cellular cholesterol, 
binding studies were performed following prior 
incubation of the cells with either fetal calf serum, 
lipoprotein-deficient human serum, or canine £- 
VLDL. Binding of rat LDL and canine apolipo- 
protein E HDL, was decreased by only 10% by 


preincubation with fetal calf serum compared with 
the binding to cells grown in the presence of 
lipoprotein-deficient human serum (data not 
shown). By contrast, when cells were preincubated 
with -VLDL and the ability of the cells to bind 
1251-labeled apolipoprotein E HDL, was tested, a 
75% reduction in binding was noted at the highest 
concentrations of B-VLDL (Fig. 11). 


Discussion 


A previous study showed that astrocytes of the 
brain synthesize and secrete apolipoprotein E in 
situ [8]. Our in vitro study now demonstrates that 
primary cultures of rat brain cells composed of 
approx. 95% astrocytes (and 3% macrophages and 
2% other cell types) synthesize and secrete apoli- 
poprotein E and metabolize apolipoprotein B- and 
E-containing lipoproteins in vitro. Dual-label im- 
munocytochemical techniques revealed that cul- 
tured astrocytes, which were identified by their 
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Fig. 11. Regulation of receptor expression by preincubation of 
brain cells with B-VLDL Primary cultures of brain cells 
derived from fetal rats were grown for 5 days in Dulbecco’s 
modified Eagle’s medium containing 10% fetal calf serum On 
day 5 the medium was changed: the control cells received 
Dulbecco’s modified Eagle’s medium containing 10% lipopro- 
tein-deficient human serum, while the other cells received 
medium containing 10% lipoprotein-deficient human serum 
and increasing concentrations of canine -VLDL The plates 
were incubated for 40 h at 37°C and were washed three times 
with Dulbecco’s modified Eagle’s medium contaming 10% fetal 
calf serum and once with Dulbecco’s modified Eagle’s medium 
containing 10% lipoprotein-deficient human serum. The cells 
were then incubated for 1 h at 37°C to internalize any bound 
lipoproteins. The plates were cooled to 4°C, and }*°I-labeled 
apolipoprotein (apo-) E HDL, was added (015 ug of HDL, 
protein/ml of Dulbecco’s modified Eagle’s medium containing 
10% hpoprotein-deficient human serum) and incubated for 2 h 
at 4°C. The plates were then washed, the cells solubilized in 
0.1 M NaOH, and the amount of radioiodine in the solubilized 
cells determined The control value for the binding of the 
'25T-labeled apolipoproten E HDL, was 18 ng/mg of cell 
protein. 


content of GFAP, contained apolipoprotein E 
within their secretory apparatus. Macrophages 
within brain cell cultures, which were identified by 
the presence of receptors for AcAc LDL, also 
contained apolipoprotein E in the region of the 
Golgi apparatus. Earlier work [41] established that 
mouse peritoneal macrophages synthesize and 
secrete apolipoprotein E at levels of less than 1% 
of their total secreted protein. As shown in the 
present study, primary cultures of rat brain cells 
secreted apolipoprotein E at a level of 1—3% of 
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total secreted proteins. Since the astrocytes repre- 
sented 95% of the cells in culture and clearly 
contained apolipoprotein E within their Golgi ap- 
paratus, it is reasonable to assume that they 
account for the majority of the apolipoprotein E 
produced by the cultures. 

The apolipoprotein E secreted by the astrocyte 
cultures and the apolipoprotein E in rat brain 
extract both had a higher apparent molecular 
weight on SDS-polyacrylamide gels and a higher 
percentage of more acidic isoforms than did 
plasma apolipoprotein E. Neuraminidase digestion 
of the apolipoprotein E secreted by astrocytes 
demonstrated that the acidic isoforms resulted 
from multiple sialylation. (We have recently dem- 
onstrated that the apolipoprotein E present in 
both human and canine cerebrospinal fluid is more 
highly sialylated than plasma apolipoprotein E 
(unpublished data).) Sialylated forms of apolipo- 
protein E are known to be more acidic and to 
have a higher apparent molecular weight than 
nonsialylated forms [38]. Sialylated apolipoprotein 
E is secreted by other cell types in vitro [42,43]. 

Primary cultures of astrocytes were also shown 
to metabolize apolipoprotein E-containing lipo- 
proteins by a specific, saturable high-affinity bind- 
ing process. The receptor responsible for the up- 
take of lipoproteins by astrocytes is the apolipo- 
protein B,E(LDL) receptor, which has been previ- 
ously characterized on rat fibroblasts [30] and 
other cells (for review, see Ref. 3). The apolipo- 
protein B,E(LDL) receptors on astrocytes bind 
both apolipoprotein B- and E-containing lipopro- 
teins. Furthermore, the receptors are down-regu- 
lated by the internalization of lipoprotein choles- 
terol. These data are consistent with previous re- 
ports of the interaction of LDL with various 
glioma-derived cell lines [15,16]. 

One difference was noted between the 
processing of free fatty acids by the rat brain cells 
in primary culture and in macrophages and 
fibroblasts. The brain cells in culture were ob- 
served to oxidize free fatty acids and utiuze these 
products for the de novo synthesis of cholesterol. 
Therefore, the incorporation of ['*C]oleate into 
cholesteryl esters cannot be used as a reliable 
measure of cholesteryl ester synthesis or acyl 
CoA : cholesterol acyltransferase activity in brain 
cells by methods used with other cell types [33]. 
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These data are not unexpected; when [1*C]stearate 
is injected in vivo, a substantial proportion taken 
up by the brain is degraded and incorporated into 
cholesterol [44]. 

The role or roles of apolipoprotein E within the 
nervous system remain unknown; it may par- 
ticipate in the redistribution of lipids and in 
cholesterol homeostasis as it does in the plasma. 
Since apolipoprotein B is not present within the 
cerebrospinal fluid, apolipoprotein E is the major 
apolipoprotein in cerebrospinal fluid that is capa- 
ble of lipid transport and regulation of lipid 
metabolism through known receptor-mediated 
processes. While the brain is capable of synthesiz- 
ing cholesterol, it can also acquire cholesterol from 
the blood [45]. Boyles et al. [8] have noted that 
apolipoprotein E is present within the foot 
processes of astrocytes and suggest that it is 
secreted where these foot processes terminate at 
blood vessels. The apolipoprotein E secreted by 
astrocytes within the brain might transport this 
cholesterol to cells where it is needed and suppress 
the synthesis of cellular cholesterol. In addition, 
in the face of excess cholesterol, apolipoprotein 
E-containing lipoproteins passing into the 
cerebrospinal fluid could serve to transport lipid 
out of the brain into the plasma compartment. 
This transport could prevent the accumulation of 
cholesterol within the central nervous system. 

Human cerebrospinal fluid contains 0.3—0.5 
mg/dl cholesterol [46], or a total of 450-750 pg 
of cholesterol in 150 ml of cerebrospinal fluid [47]. 
Since the cerebrospinal fluid is replaced almost 
completely every 8 h [47], this clearance could 
account for the removal of 1.35-2.25 mg of 
cholesterol per day. This amount might be suffi- 
cient to maintain cholesterol homeostasis within 
the brain. A role for apolipoprotein E in reverse 
cholesterol transport (.e., the removal of 
cholesterol from peripheral cells for clearance by 
the liver) has been postulated [48,49]. In addition, 
the ability of apolipoprotein E-rich lipoproteins to 
remove cholesterol from cholesterol-loaded cells 
has been clearly demonstrated [50,51]. While the 
precise function of apolipoprotein E within the 
nervous system has not been determined, mount- 
ing evidence suggests that it is involved in lipid 
movement. However, other important roles for 
apolipoprotein E within the nervous system can- 


not be ruled out. 
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An antibody against the phospholipid transfer protein from maize seedlings has been raised in rabbits and 
purified by ion-exchange or affinity chromatography. When checked by double-immunodiffusion, the 
antibody gave a single precipitin line with the pure protein or a crude extract. An immunoinhibition of the 
transfer activity was observed when the antibody was incubated with phospholipid transfer protein. This 
specific antibody was used to develop an enzyme immunoassay. The enzyme immunoassay measured 
transfer protein levels in the range 1-20 ng. The enzyme immunoassay was used to detect the transfer 
protein after high-performance liquid chromatography of a partially purified extract and to determine the 
amount of the transfer protein in crude extracts. The values found (2% of the postmicrosomal proteins or 
4.1% of the total proteins precipitated by ammonium sulfate) indicate that the maize cytosol is rich in 
phospholipid transfer protein. This work, which describes for the first time in plants the use of enzyme 
immunoassay to quantify phospholipid transfer proteins, opens new perspectives in the study of the 


regulation of their biosynthesis. 


Introduction 


Phospholipid transfer proteins are widely dis- 
tributed among eucaryotic (animals, higher plants, 
yeast) or procaryotic (Rhodopseudomonas sphaer- 
ordes) cells (for reviews, see Refs. 1-4). These 
proteins, detected in various plants [4], have been 
purified to homogeneity from maize seedlings [5,6], 
spinach leaves [7] or castor bean seedlings [8]. 
Plant phospholipid transfer proteins have similar 
biochemical properties: high isoelectric point 
(around 9) and low molecular mass (9 kDa for 
spinach; 9.2 kDa for castor bean; 10 kDa (which 
forms a dimer of 20 kDa) for maize). 
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These proteins have been demonstrated to 
facilitate in vitro a nonspecific intermembrane 
transfer of phospholipids [4]. This led to the hy- 
pothesis suggesting that these proteins may carry 
phospholipids from sites of active synthesis (for 
example, endoplasmic reticulum) to membranes 
unable to synthesize these lipids [1,3,5]. 

In order to try to demonstrate this hypothesis, 
it could be of interest to determine the levels of 
the phospholipid transfer proteins in different tis- 
sues under a variety of physiological conditions. 
One of the best approaches for such studies is the 
use of immunochemical techniques. These meth- 
ods have been employed to study the specific and 
nonspecific phospholipid transfer proteins from 
normal and cancerous hepatocytes [9,11]. 

In the present paper, we have used an enzyme 
immunoassay to carry out — for the first time in 
higher plants — a qualitative and quantitative study 
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of a phospholipid transfer protein from maize 
seedlings. 


Materials and Methods 


Plant materials. Maize (Zea mays L. cv INRA 
508) seeds were grown in darkness at 30°C for 3 
days: In some experiments maize seedlings were 
grown for 10 days under fluorescent light (14 h 
light periods). 

Chemicals. Agarose (Indubiose) was obtained 
from IBF, CNBr-activated Sepharose 4B and 
CM-Sepharose were purchased from Pharmacia, 
Tris-barbiturate buffer (pH 8.6) from LKB, 
poly(ethylene glycol) 30000, egg phosphati- 
dylcholine and Brilliant blue R were obtained 
from Sigma, sodium dodecyl sulfate and CM Affi- 
Gel Blue from Bio-Rad, microtiter plates certified 
from NUNC, Denmark, and sheep anti-rabbit IgG 
antibodies conjugated with alcaline phosphatase 
from Biosys, France. All other chemicals were 
reagent grade. 

Preparation of phospholipid transfer proteins. 
Phospholipid transfer protein was purified to ho- 
mogeneity from maize seedlings, according to the 
previously published techniques [6]. After precipi- 
tation of the proteins from membrane-free super- 
natant by ammonium sulfate, the dialyzed pro- 
teins were submitted to a gel-filtration step (Seph- 
adex G-75). The active low molecular-mass frac- 
tions were chromatographed on a carboxymethyl- 
Sepharose column. The fractions containing the 
pure proteins were collected. The purified protein 
was thoroughly washed with distilled water, with 
0.02% sodium azide through ultrafiltration mem- 
brane (Amicon Y M2). The concentrated protein, 
(average concentration, 1 mg-ml~') determined 
according to Lowry et al. [12] was kept at +4°C 
or frozen with 50% glycerol at —20°C until use. 
In some experiments, crude protein extracts were 
prepared according to the previously described 
technique [6] from roots or stems of 3-day-old 
etiolated corn seedlings (cultivated at 30°C in 
darkness). 

Immunization of rabbits against maize phos- 
Pholipid transfer protein. Maize purified phos- 
pholipid transfer protein (1 mg-ml~*) was in- 
serted into liposomes prepared from egg yolk 
phosphatidylcholine (1 mg-ml~+) by sonication 
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(1 min in melting ice) under nitrogen [11]. The 
protein-containing liposomes were emulsified with 
complete Freund’s adjuvant for the first two im- 
munizations. The mixtures were subcutaneously 
injected in several points in the back and shoulders 
of rabbits (New Zealand); the booster injections 
(with incomplete Freund adjuvant) were per- 
formed every month. Sera were periodically col- 
lected (8-10 days after a booster injection) and 
tested for immunoreactivity by Ouchterlony dou- 
ble immunodiffusion [13]. Active sera were usually 
obtained 3—4 months after the first injection. 

Purification of immunoglobulin fractions. IgGs 
were prepared from active sera or preimmune sera 
by ammonium sulfate precipitation follwed by 
DEAE-cellulose chromatography for double-diffu- 
sion tests. For enzyme immunoassay, total IgGs 
were purified from the serum by CM Affi-Gel 
Blue. This solution of IgGs was adjusted to the 
initial serum dilution and constituted the antibody 
stock solution. For the immunoinhibition experi- 
ments, a specific IgG fraction was obtained by 
affinity chromatography. Maize phospholipid 
transfer protein (10 mg) was coupled to CNBr- 
activated Sepharose 4B (1 g); the immunoadsor- 
bent was then packed in a small column and 
washed with 0.015 M potassium phosphate 
buffer/0.15 M NaCl (pH 7.5). Then, 30 mg of 
IgG fraction purified by CM Affi-Gel Blue were 
deposited on the column. Bound IgGs, which rep- 
resent 5% of the total IgGs, were eluted with 0.53 
M formic acid (pH 2.0) according to Ref. 11. 

Double immunodiffusion. Immunodiffusion was 
carried out according to the method of Ouch- 
terlony and Nilsson [13] on 1% Agarose/ Tris- 
barbiturate (pH 8.6) gels at 25°C for 24 h. For 
some immunodiffusion 4% poly(ethylene glycol) 
was incorporated in the gel to increase the sensi- 
tivity of the precipitin reaction as previously re- 
ported by Chua and Blomberg [14]. The im- 
munoprecipitates were visualized by staining the 
plates in 0.5% Coomassie Brilliant blue R/45% 
ethanol/10% CH,COOH for 15 min. 

Inhibition studies. Purified maize phospholipid 
transfer protein was incubated for 30 min at 30°C 
with increasing concentration of specific anti- 
maize phospholipid transfer protein IgG (affinity 
purified) in 0.05 M Tris-HCI/0.25 M sucrose/ 
0.001 M EDTA (pH 7.2). The mixture was cooled 
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to 0°C and centrifuged after 3 h. The phosphati- 
dylcholine transfer activity was determined in the 
supernatant. Transfer assays were performed by 
measuring the transfer of [> H]phosphatidylcholine 
from liposomes to mitochondria as previously de- 
scribed [5]. 

High-performance liquid chromatography of pro- 
teins. A fast protein liquid chromatography 
equipment (Pharmacia, Sweden) was used. The 
pure protein or the active fractions from the Seph- 
adex G-75 column were injected into a Mono S 
column equilibrated with 10 mM Tris/3 mM 
sodium azide/8 mM 2-mercaptoethanol (pH 7.5). 
The column was then eluted at a flow rate of 1 
ml-min~! with a gradient of NaCl in the same 
buffer. 

Enzyme immunoassay. Qualitative and quantita- 
tive determinations of maize phospholipid transfer 
protein have been performed by an immunoassay 
in which the phospholipid transfer protein is im- 
mobilized on a plastic plate (96-well microtiter 
plates) and detected indirectly by a second anti- 
body (i.e. anti-rabbit IgG antibody conjugated 
with alcaline phosphatase). 

A typical experiment was performed as follows. 
Each well was coated with 100 pl solution of 
variable concentration of pure phospholipid trans- 
fer protein or unknown samples of phospholipid 
transfer protein in 10 mM Tris/0.15 M NaCl (pH 
7.4). The plate was left overnight at 4°C. During 
each incubation period, the plate was covered with 
a plastic lid and put inside a plastic bag, in 
contact with a damp paper towel, to lower the 
surface charge effects. 

The plate was then rinsed four times with 10 
mM Tris/0.15 M NaCl1/0.01% Triton X-100 (pH 
7.4). 100 pl of this buffer containing 10 pg/ml of 
casein were added and the plate was incubated 1 h 
at 37°C. After incubation the plate was washed 
four times with the buffer and 100 ul of specific 
anti-phospholipid transfer protein antibody was 
added (before use, the stock solution was diluted 
10000-times in the same buffer containing 50 
pg/ml of casein). 

Immune complex was allowed to form at 4°C 
for 2 h. The plate was then washed four times with 
the same Tris/NaCl/Triton buffer. The remain- 
ing immobilized antigen-antibody complex was 
revealed by sheep anti-rabbit IgG antibodies 


conjugated with alcaline phosphatase diluted to 
1/5000 in the same buffer. An additional incuba- 
tion period of 1 h at 37°C was followed by three 
washings with the buffer and one washing with 10 
mM Tris/ 0.15 M NaCl (pH 8). 

The quantity of enzyme remaining in individual 
wells was determined by adding 100 pl of the 
substrate solution (0.26 mg: ml~! of p-nitrophen- 
ylphosphate in 1 M Tris buffer (pH 8)). 

The plate was incubated again at 37°C for 1 h, 
then the enzyme was inhibited by addition of 50 
ul of 0.2 M K.HPO,. 

Absorbance measurements were then performed 
at 405 nm with a COOKE-AM 120 autoreader. 


Results 


Immunodiffusion studies 

After Ouchterlony double immunodiffusion, 
anti-maize phospholipid transfer protein produced 
a single precipitin line with the pure protein (Fig. 
1). It is to be noted that this reaction was only 
observed at least 3 months after the first injection. 
Crude protein extracts, prepared from stems or 
roots excised from 3-day-old etiolated maize seed- 
lings or green leaves, gave a precipitin line fusing 
with that found with the pure protein (data not 
shown). These results suggest that the antibody is 
specific for maize phospholipid transfer protein, 
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Fig. 1 Ouchterlony double ımmunodiffusion. The center well 
contained 20 pl of anti-maize phospholipid transfer protein 
IgG. Peripheric wells contained 20 pl of antigen (pure maize 
phospholipid transfer protein) at different concentrations from 
1/1 to 1/16 (1/1=1 mg-mi~?) 
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since the crude extracts gave only one precipitin 
line fusing with that observed with the purified 
protein. 


Immunoprecipitation of maize phospholipid transfer 
protein 

After incubation of pure maize phospholipid 
transfer protein with increasing amounts of the 
affinity purified antibody and centrifugation of 
the mixture, the supernatants were checked for 
phospholipid transfer activity. A progressive in- 
hibition of the activity was observed. A complete 
inhibition of the transfer activity was seen at an 
IgG/ transfer protein ratio of 10:50 (w/w). In- 
cubation with preimmune IgGs in the same condi- 
tions had no effect on the transfer activity. This 
result confirms that the anti-maize IgG is truly 
reactive with the phospholipid transfer protein 
(Fig. 2). 


Specificity of the immunoassay 

The specificity of the enzyme immunoassay was 
tested to make sure that no cross-reaction would 
interfere with the detection of phospholipid trans- 
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Fig 2. Effect of anti-marze phospholipid transfer protein 
monospecific IgG on phospholipid transfer activity 140 pg of 
phospholipid transfer protein were incubated with increasing 
amounts of IgG (affinity punfied) and assayed for activity as 
described in Materials and Methods (@) The same test was 
carried out with preimmune IgG prepared by DEAE-chro- 
matography (O) Results are expressed as % residual activity 
vs. IgG quantities. 
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fer protein or with the quantitative determina- 
tions. 
For this purpose, the first two steps of the 
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Fig 3. Immunohistograms corresponding to different steps of 
purification of phospholipid transfer protein after separation 
by fast protein liquid chromatography A, Protein extract; B, 
Sephadex G-75 fraction; C, pure phospholipid transfer protein. 
, absorbance at 214 nm; O, level of phospholipid trans- 
fer protein determined by enzyme immunoassay, absorbance at 
405 nm. v, Transfer activity; - - - - -- , NaCl concentration (M). 
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transfer protein purification, according to the 
technique previously described [5] were tested. 
The corresponding fractions were: (1) the total 
protein extract obtained after ammonium sulfate 
precipitation and dialysis; (2) Sephadex G-75 frac- 
tion, corresponding to a low molecular-mass frac- 
tion — the only active — detected after separation 
of the whole protein extract on a molecular sieve. 

Protein extract and Sephadex G-75 fractions 
were separated by fast-protein liquid chromatog- 
raphy. The fractions eluted by the NaCl gradient 
were subjected to enzyme immunoassay. The im- 
munohistogramm obtained from the protein ex- 
tract (Fig. 3A) showed a single peak of im- 
munoreactivity with a maximum response at the 
same elution volume as the pure phospholipid 
transfer protein in the same conditions (Fig. 3C). 
Sephadex G-75 fractions were both assayed for 
phospholipid transfer activity and subjected to 
enzyme immunoassay. The immunohistogram ob- 
tained (Fig. 3B) exhibited a single peak of im- 
munoreactivity strictly superimposed on the peak 
of transfer activity, and at the same elution volume 
as the pure protein. Of interest, this peak corre- 
sponded to a peak of absorbance at 214 nm in the 
Sephadex G-75 fraction as well as in the protein 
extract. A similar peak is obtained with pure 
phospholipid transfer protein. For each analysis, 
the non-retained proteins were collected in bulk. 
This fraction tested by enzyme immunoassay did 
not show any immunoreactivity. 

These results showed there was no cross-reac- 
tive material in the protein extract or in the Seph- 
adex G-75 fraction. This result assured the detec- 
tion of phospholipid transfer protein in a complex 
mixture corresponding to any of its steps of purifi- 
cation and allowed us to quantitate the protein 
from both steps without further purification. 


Quantitative tests 

Fig. 4 shows that increasing concentrations of 
pure maize phospholipid transfer protein, in the 
range of 1-20 ng/100 yl, gave a linear response. 
This indicates that the adsorption of the pure 
protein to the plastic: surface of the plate was 
linear up to 20 ng. Measurements concerning un- 
known amounts of phospholipid transfer protein 
present in complex mixtures have been made using 
different dilutions so as to ascertain that values to 
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Fig 4. Enzyme immunoassay standard curve for maize phos- 
pholipid transfer protein (PLTP). Specific IgG concentration: 
1/10000 of the onginal serum concentration. 


be compared to the dose-response line actually lie 
on the curve. Levels of phospholipid transfer pro- 
teins at different purification steps were obtained 


TABLE I 


QUANTITATION OF MAIZE PHOSPHOLIPID TRANS- 
FER PROTEIN IN COMPLEX MIXTURES 


Steps of Dilution 
purification factor 


Phospholipid transfer 
protem 
(% of total protein °) 


1/10000 4.7 (2) 
1/12500 4.02 
1/15000 3 6 (2) 


Protein extract ° 


1/17 500 3.8(2) X= 4140.7 
1/20000 3.3 (2) 
Sephadex G-75 ® 1/5000 159(2) 
1/6250 15.8 (3) 
1/7500 159(3) 
1/10000 150(2) X¥=156+08 


a Obtained after ammomum sulfate precipitation and dialysis 
(19 2 mg protein/ml). 

> Pooled active fractions from Sephadex G-75 column (1.7 mg 
protein/ml), 

© The amount of phospholipid transfer protein is expressed in 
percent of total protein present in the fraction Values repre- 
sent mean of several independent enzyme immunoassay: 
numbers in parentheses are the number of samples tested for 
each dilution X represents mean standard deviation of 
values obtained from several dilutions of a given extract. 
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(Table I): phospholipid transfer proteins 
accounted for 4.1% of the total proteins recovered 
after ammonium sulfate precipitation and 15.5% 
of Sephadex G-75 fraction. The transfer protein 
enrichment between those two steps of purifica- 
tion is a factor of 3.8. These results are consistent 
with those obtained previously [6] for the improve- 
ment of specific activity during the same steps of 
purification. Specific activity has been shown to 
be enhanced by a factor of 3.3 between protein 
extract and Sephadex G-75 steps.. In some experi- 
ments, immunoassays were carried out on postmi- 
crosomal supernatants (obtained after centrifuga- 
tion at 100000 x g for 1 h) without any precipita- 
tion by ammonium sulfate. Phospholipid transfer 
protein accounted for 2% of the postmicrosomal 
supernatant proteins. 


Discussion 


Although immunochemical techniques using 
antibodies directed against animal phospholipid 
transfer proteins have been developed [9-11], these 
methods have never been applied to similar pro- 
teins from higher plants. This work describes, for 
the first time, the use of an enzyme-immunoassay 
for the study of a plant phospholipid transfer 
protein. By using this approach, it was found that 
the phospholipid transfer protein is abundant in 
maize seedlings (about 4% of the total proteins 
recovered after ammonium sulfate precipitation). 

The specific character of the antibody used in 
this work was shown by enzyme immunoassay 
coupled to high-performance liquid chromatogra- 
phy. No fraction other than that corresponding to 
the phospholipid transfer protein was reactive. In 
contrast, IgG directed against lipid transfer pro- 
tein from rat tissues reacted with the low-molecu- 
lar mass protein as well as with a high-molecular- 
mass fraction [11], probably a higher-molecular- 
mass precursor [15]. The specificity of the anti- 
maize IgG was demonstrated by the inhibition of 
the phospholipid transfer activity of maize pro- 
tein. Immunoinhibition of the lipid transfer activ- 
ity has been studied in the case of specific and 
nonspecific phospholipid transfer proteins from 
animals [9,10]. 

In this work, a one-step immunoassay method, 
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based on the adsorption of the antigen on plastic 
plates, was used, giving a linear response up to 20 
ng - 100 u17}; this is not true for larger amounts of 
proteins. Two-step competitive immunoassays 
have also been performed according to Engvall 
[16]; however, the results were not satisfactory for 
maize phospholipid transfer protein. As a com- 
parison, rat liver lipid transfer protein was mea- 
sured by enzyme immunoassay in the range 0.2 to 
2 ng [11]. Using radioimmunoassay, with labelled 
specific phospholipid transfer protein from rat 
liver, a linear curve was found between 5 and 50 
ng [17]. 

The acquisition of a highly specific enzyme 
immunoassay for maize protein allowed the de- 
termination of its amount in crude extracts pre- 
pared from maize seedlings. The results given by 
several experiments performed on different batches 
indicated that phospholipid transfer protein is 
abundant in the total protein extract from maize 
seedlings. This new finding is in agreement with 
the four different observations: (i) high amounts 
of pure phospholipid transfer proteins were ob- 
tained from seeds (as an example, 60 mg starting 
from 2 kg of dry seeds); (ii) only a 100-fold 
purification factor is needed for obtaining a ho- 
mogeneous protein [6]; (iii) a peak of absorbance 
corresponding to phospholipid transfer protein is 
clearly seen after separation of low-molecular-mass 
proteins by fast protein liquid chromatography 
(Fig. 3B); Gv) when low-molecular-mass fractions 
obtained after gel filtration were separated by 
SDS-electrophoresis, the staining of the band cor- 
responding to the phospholipid transfer protein (9 
kDa) was about 15-20% of the total staining 
intensity determined by densitometry in all the 
detected bands. In contrast, nonspecific phos- 
pholipid transfer proteins from rat tissues are 
minor proteins; they represent 0.08% of the total 
105000 X g supernatant proteins from rat liver 
and 0.01% of lung. The value for liver agrees with 
the need of 1500-fold purification to obtain a 
homogeneous protein [1]. 

The abundance of phospholipid transfer pro- 
tein in maize cytosol is similar to that found for 
fatty acid binding proteins in animal cells; in liver, 
values equal to 5% have been published [18]. Of 
interest, it has been also demonstrated that phos- 
pholipid transfer protein from spinach [19] and 
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maize (unpublished data) are able to bind fatty 
acids. 

In conclusion, the development of enzyme im- 
munoassay for the determination of maize phos- 
pholipid transfer protein provides a sensitive 
method to quantitate this protein without the need 
to determine its transfer activity. This 1s important 
in plant extracts containing several interfering 
compounds and degradative enzymes which per- 
turb the measurement of this activity [20]. The 
enzyme immunoassay approach will facilitate, in 
future studies, the determinations of the variations 
of the levels of maize phospholipid transfer pro- 
tein during crucial physiological stages of the plant. 
This may give new information on the relations 
between the biosynthesis of the phospholipid 
transfer protein and the biogenesis or turnover of 
membrane lipids. 
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Hydrolysis of membrane-associated phosphoglycerides 
by mitochondrial phospholipase A , 
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Conversion of membrane-bound substrates by membrane-associated enzymes can proceed in principle via 
intramembrane and intermembrane action. By using rat-liver mitochondria containing labeled phosphatidyl- 
ethanolamine and inactivated phospholipase A, as substrate source, and mitochondria containing unlabeled 
substrate and active enzyme, it is shown that hydrolysis of phosphatidylethanolamine by mitochondrial 
phospholipase A, proceeds nearly entirely via intramembrane enzyme action. A study of the characteristics 
of this mode of enzyme action showed that all mitochondrial phosphoglycerides were hydrolyzed. Plots of 
approximate initial velocities of hydrolysis against the remaining amounts of each individual phospholipid, 
indicated that phosphatidylethanolamine was hydrolyzed fastest, with a rate about twice that for phosphati- 
dylcholine and about 10-fold that for cardiolipin. The initial rates remained nearly constant in the initial 
phase of the hydrolysis, suggesting that the enzyme is surrounded by excess substrate. 


Introduction 


Rat liver mitochondria contain a membrane-as- 
sociated phospholipase A, capable of hydrolyzing 
endogenous mitochondrial phospholipids [1—4]. 
Generally, it has to be realized that there are two 
possible modes of action when membrane-bound 
enzymes are assayed in vitro for their action to- 
wards membrane-bound substrates. Firstly, an in- 
tramembrane action in which the enzyme acts on 
substrate in its own membrane, and secondly, an 
intermembrane route in which enzyme of one 
membrane acts on substrate in a second mem- 
brane and vice versa (compare Fig. 1). Thus, in 
such systems the measured conversion of a radio- 
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active membrane-bound substrate is the sum of 
intra- and intermembrane routes, and the contri- 
bution of each of these routes cannot be assessed. 





INTRA INTRA 


4°S,=Sum of intra-and 


as, =inter route 
inter route 


Fig 1. Comparison of intra- and mtermembrane mode of 
action of membrane-bound enzyme. (A) Total conversion of 
radioactive substrate (A*S,) in membranes 1 and 2 is the sum 
of intramembrane action of enzymes E; and E, on *§, and 
*S., respectively, and the intermembrane actions of enzymes 
E on *S, and E- on *S,. (B) Schematic representation of a 
procedure to determine the contribution of the intermembrane 
route, 1€., by using membranes containing radioactive sub- 
strate and inactivated enzyme (tE) in combination with mem- 
branes containing unlabeled substrate and active enzyme (E,) 
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Although intuitively it is felt that the intramem- 
brane route is most important, a number of papers 
have recently stressed the importance of inter- 
membrane routes [5—8]. These contributions were 
deduced from experiments in which membranes 
containing radioactive substrate but inactivated 
enzyme, were incubated with membranes having 
non-labeled substrate and active enzyme (compare 
Fig. 1). Unfortunately, both in the case of a di- 
glyceride lipase from rat brain [5] and rat liver [8] 
microsomes, as well as of a lysophospholipase in 
Mycoplasma gallisepticum membranes [7], mem- 
brane-bound substrate had to be generated by 
pretreatment of the membranes with the lipolytic 
enzymes phospholipase C and phospholipase A,, 
respectively. In addition, inactivation of enzyme in 
membranes containing the substrate, was done by 
heat treatment of such membranes. Both proce- 
dures are likely to exert considerable effect on 
membrane structure. Nevertheless, even by using 
similar techniques — i.e., phosphatidic acid genera- 
tion in microsomal membranes by phospholipase 
D treatment and inactivation of membrane-bound 
CTP : phosphatidate cytidylyltransferase and 
phosphatidate phosphohydrolase by heat treat- 
ment — no indications for conversion of phos- 
phatidate by intermembrane mode of enzyme ac- 
tion were obtained [9]. Likewise, from studies on 
the synthesis of sphingomyelin by transfer of the 
phosphocholine moiety of phosphatidylcholine to 
ceramide in mouse fibroblasts, an exclusively in- 
tramembrane utilization of ceramide was inferred. 
In these studies, it was found that phosphatidyl- 
choline might be used in an intermembrane mech- 
anism as well, although to a lesser extent than 
intramembrane substrate utilization [10]. 

Hydrolysis of endogenous phosphatidyl 
(*4Cjethanolamine by rat liver mitochondrial 
phospholipase A, can be initiated by addition of 
Ca?* [11]. By using mitochondrial membranes in 
which the phospholipase A, is inactivated by pre- 
treatment with the active-site-directed inhibitor 
p-bromophenacyl bromide, rather than by heat 
treatment, we show in this paper that hydrolysis 
of phosphatidylethanolamine proceeds completely 
by imtramitochondrial enzyme action. The char- 
acteristics of this intramembrane action of the 
enzyme towards the main mitochondrial phos- 
phoglycerides are described. 


Materials and Methods 


Materials 

[2-!4C]Ethan-1-ol-2-amine hydrochloride and 
[1-'*C]linoleate were obtained from Amersham 
International, U.K. p-Bromophenacyl bromide 
was a product of Fluka A.G., Buchs, Switzerland. 
ATP and Coenzyme A were obtained from Boeh- 
ringer, Mannheim, F.R.G. Phosphatidylethanol- 
amine and phosphatidylcholine containing [1- 
14 C]linoleate at the sn-2-position were prepared 
biosynthetically using rat-liver microsomes as pre- 
viously described [11]. 


Methods 

Preparation of mitochondria. Unlabeled and [2- 
14CJethanolamine-labeled mitochondria were iso- 
lated as described earlier [11]. 

Preparation of mitoplasts. Mitoplasts were pre- 
pared by a combination of the method of Parsons 
and Williams [12], and of Sottacasa et al. [13], 
with minor modifications. The mitochondria, iso- 
lated from one rat liver, were resuspended in 50 
ml 20 mM potassium phosphate buffer (pH 7.2), 
containing 0.2% (w/v) bovine serum albumin. 
After the mitochondria had been allowed to swell 
for 30 min at 0°C, the suspension was centrifuged 
for 15 min at 2000 x g in a Sorval RC2B centri- 
fuge (SS-34 rotor). The pelleted crude inner mem- 
brane fraction was resuspended in 50 ml of the 
same swelling medium, and again centrifuged for 
15 min at 2000 X g. The pellet was resuspended in 
11.25 ml 10 mM Tris/potassium phosphate buffer 
(pH 7.5). Then, 3.75 ml of 1.8 M sucrose/2 mM 
ATP/2 mM MgSO, was added to the suspension. 
After 5 min stirring at 0°C, during which there 
was a visible increase in turbidity, the suspension 
was sonicated in aliquots of 3.5 ml with a Branson 
Sonifier for 15 s at 16 W and 0°C. The total 
volume of the sonicated suspension (15 ml) was 
layered over 20 mi 1.18 M sucrose/0.5 mM 
EDTA/5 mM Tris-HCl (pH 7.5), and centrifuged 
in the SW 27 rotor at 80000 x g for 15 h in a 
Beckman L5-65 ultracentrifuge. After centrifuga- 
tion, the supernatant was carefully pipetted off 
and the tightly packed brown pellet was washed 
three times with 2 ml 0.25 M sucrose/5 mM 
Tris-HCl (pH 8.0). The pellet was finally sus- 
pended in 0.25 M sucrose/0.1 M Tris-HCl (pH 
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8.5) with the aid of a Teflon pestle to yield the 
mitoplast preparation used in the experiments. 

Assay of mitochondrial phospholipase A,. When 
exogenous 1-acyl-2-[1-'*C]linoleoylphosphatidyl- 
ethanolamine or 1l-acyl-2-[1-14 C]linoleoylphospha- 
tidylcholine was used as substrate, the incubations 
and the determinations of the amount of [1- 
14 C]linoleate release were carried out as previously 
described [11]. 

The assay of the enzyme using endogenous 
substrate was done by incubating the indicated 
amounts of [‘*C]ethanolamine-labeled mitochon- 
dria for 30 min at 37°C in 1 ml 0.25 M sucrose/0.1 
M Tris-HCI (pH 8.0)/10 mM CaCl,. The reaction 
was terminated by extraction of the lipids [14]. 
Phospholipids were separated on silica-gel G 
thin-layer plates with chloroform/ methanol / 
acetic acid/water (65:50:1:4, v/v). Spots were 
detected by iodine staining and scraped into vials 
for radioactivity measurement after addition of 
Packard emulsifier scintillation fluid. The per- 
centage hydrolysis was calculated from the de- 
crease in phosphatidylethanolamine radioactivity. 

For the determination of the hydrolysis of en- 
dogenous phospholipids, 5 mg mitochondrial pro- 
tein was incubated at 37°C in 1 ml 0.25 M 
sucrose/0.1 M Tris-HCl (pH 8.0)/10 mM CaCl,. 
At the indicated times the reaction was terminated 
by addition of EDTA to a final concentration of 
10 mM followed by an extraction of the lipids 
according to Bligh and Dyer [14]. The chloroform 
phase was evaporated to dryness, dissolved in a 
few drops of chloroform/methanol (1:2, v/v), 
and transferred to silica gel 60 HR plates con- 
taining 2% (w/v) florisil. The plates were devel- 
oped in two dimensions; in the first dimension 
with chloroform/ methanol/ ammonia/ water 
(90 :54:5.5:5.5, v/v), in the second dimension 
with chloroform/methanol/ammonia (100: 50: 
12, v/v). Phospholipid spots were detected with 
iodine staining. After evaporation of the iodine, 
the spots were scraped into tubes and the amount 
of phosphorus was determined according to Rouser 
et al. [15]. Phospholipid hydrolysis in mitoplasts 
was determined in the same way, except that 3 mg 
mitoplast protein was incubated at a final Ca** 
concentration of 250 pM. 

Inactivation of mitochondrial phospholipase A, 
with p-bromophenacyl bromide. A mitochondrial 
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suspension (2 mg protein/ml) in 0.25 M sucrose/3 
mM EDTA/50 mM Tris-HCl (pH 7.2) was in- 
cubated for 3 h at 30°C with 2 mg p- 
bromophenacyl bromıde per mg mitochondrial 
protein. The inhibitor was dissolved in acetone to 
give a final acetone concentration of 2.5% (v/v). 
This percentage acetone was shown to have no 
effect on phospholipase A, activity. After incuba- 
tion, the excess of inhibitor was removed by sedi- 
mentation at 500 rpm for 5 min in a Christ 
centrifuge and subsequent incubation of the su- 
pernatant in buffer comprising 0.25 M sucrose/3 
mM EDTA/1 M imidazole (pH 7.2), for 30 min 
at 37°C. Afterwards, the mitochondria were sedi- 
mented at 12000 xX g for 20 min. The pellet was 
resuspended in 0.25 M sucrose/3 mM EDTA/50 
mM Tris-HCI (pH 7.2). 

Analytical procedures. Protein was determined 
according to Lowry et al. [16] with bovine serum 
albumin as standard. Total lipid phosphorus was 
determined according to the method of Chen et al. 
[17] after destruction of the sample as described 
by Ames and Dubin [18]. Monoamine oxidase 
activity was measured according to Weissbach et 
al. [19] and succinate dehydrogenase according to 
Green et al. [20]. 


Results 


To determine the mode of action, i.e., intra- 
and/or intermembrane hydrolysis of mitochon- 
drial phospholipid, increasing concentrations of 
[‘4C]ethanolamine-labeled mitochondria were in- 
cubated in the presence of Ca?*. Inasmuch as 
these mitochondria contain both labeled phospha- 
tidyl[‘*C]ethanolamine substrate and active en- 
zyme, total hydrolysis of labeled substrate is the 
sum of, as yet, unknown contributions of intra- 
and intermembrane action of the mitochondrial 
phospholipase A.. As can be seen in Fig. 2, the 
rate of phosphatidylethanolamine hydrolysis in- 
creases linearly with protein concentration. This 
indicates that the reaction is first-order with re- 
spect to mitochondria concentration, compatible 
with a predominate intramembrane enzyme ac- 
tion. A predominance of intermembrane action, 
which, according to the particle-collision theory, is 
proportional to the square of organelle concentra- 
tion, would be expected to result in an upward 
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Fig. 2. Phosphatidylethanolamine hydrolysis as a function of 
protein concentration. The indicated amounts of [+4 C]ethanol- 
amine-labeled mitochondna were incubated for 30 min in the 
presence of 10 mM Ca?*. 


curvature of the line in Fig. 2. 

To determine in a more quantitative manner 
the contribution of the intermembrane route to 
total substrate hydrolysis, experiments as indi- 
cated in Table I, using three types of mitochond- 
rion, were done. Under the experimental condi- 
tions the original [‘*C]ethanolamine-labeled mito- 
chondria, Mọ, degraded 20.1% of their endoge- 
nous phosphatidyl[!4C[ethanolamine, correspond- 
ing to a total of 40.2 nmol per 2.5 mg protein. 
When these mitochondria were treated with p- 
bromophenacyl bromide to yield mitochondria, 
M,, containing radioactive substrate and in- 
activated enzyme, only 3.4 nmol of phosphatidyl- 
ethanolamine was degraded upon incubation. This 


TABLE I 


indicates that the phospholipase A, is inhibited 
for over 90% by treatment with the inhibitor. 
Control experiments using exogenous 1-acyl-2-[1- 
14 C]linoleoylphosphatidylethanolamine indicated 
a seemingly 100% inhibition of the phospholipase 
A,. When mitochondria M, were incubated with 
equal amounts of p-bromophenacyl bromide- 
treated mitochondria M,, the specific activity of 
the phospholipase A, was half of that measured in 
M, alone (data not shown). These control experi- 
ments established that the p-bromophenacyl 
bromide-treated mitochondria M, were suffi- 
ciently freed of excess inhibitor so as to cause no 
inhibition of the phospholipase A, activity of the 
original mitochondria, M,. The low phospholipase 
A, activity remaining in mitochondria M,, when 
measured with endogenous substrate, may be due 
to some residual activity of the enzyme in the 
inner membrane. When the mitochondria M, were 
incubated in the presence of mitochondria M,, 
containing unlabeled substrate and active enzyme, 
the increase in [‘* C]phosphatidylethanolamine hy- 
drolysis in comparison to that observed in M, 
alone is a quantitative measure of the contribution 
of the intermembrane route. As can be seen in 
Table I, a contribution of intermembrane phos- 
pholipase A, action became only apparent at 
higher protein concentrations. In the extreme case 
where 10 mg of mitochondrial protein M, is ad- 
ded, the hydrolysis of radioactive phosphatidyl- 
ethanolamine due to intermembrane action 


ABSENCE OF INTERMITOCHONDRIAL ACTION OF MITOCHONDRIAL PHOSPHOLIPASE A, 


The indicated amounts of mitochondria protem were incubated for 30 min with 10 mM Ca*+ Mb, ['4C]ethanolamine-labeled 
mitochondna; M, {}4C]ethanolamine-labeled mitochondria containing p-bromophenacyl bromide- (BrPhBr-) inactivated phospho- 
lipase A,;M>, mitochondria containing unlabeled phosphatidylethanolamine (S,, compare Fig. 1) and active phospholipase A, (E,, 
compare Fig 1). Hydrolysis of phosphatidyl {'+C]ethanolamme (A*S) was measured after thin-layer chromatography of lipid 
extracts The mitochondria contained 80 nmol phosphatidylethanolamine per mg protein. For further explanation, see text 


Incubation (mg protein/ml) AtS 
Mo Mı M, a 

25 - ~ 20.1 
- 25 - 17 
- 2.5 0.6 0.7 
- 2.5 2.5 16 
- 25 50 31 


A*S (nmol) Inter route 
total inter (% of total 
expected) 

40.2 ? - 

3.4 9 = 

1.4 0 0 

32 0 0 

6.2 2.8 3.3 

8.6 5.2 3.2 


amounted to 5.2 nmol. By contrast, when 10 mg of 
mitochondrial protein Mọ were incubated, total 
hydrolysis of phosphatidylethanolamine due to in- 
ter- and intramembrane enzyme action amounted 
to about 160 nmol (Fig. 2 and Table I, first line). 
It follows from these data that at least 97% of 
total substrate degradation takes place by intrami- 
tochondrial enzyme action. Both intermitochon- 
drial enzyme action due to organelle collision and 
apparent intermitochondrial enzyme action as a 
result of substrate transport between organelles or 
fusion of organelles are negligible, certainly at 
organelle concentrations up to 5 mg protein/ml. 
This conclusion is valid only provided the phos- 
pholipase A, in mitochondria M, remained fully 
active during the 30 min incubation period and 
did not become inhibited by the free fatty acids 
and lysophospholipids formed in the membranes 
of M,. Fig. 3 shows that phospholipase activity 
remains linear with time up to 60 min, thus indi- 
cating that this condition is met. 

The conclusion that intermitochondrial enzyme 
action is nearly absent is fully corroborated by 
experiments in which a constant amount of mito- 
chondria, M,, containing active enzyme, was in- 
cubated with increasing amounts of mitochondria, 
M,, having labeled substrate but inactivated en- 
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Fig 3. Hydrolysis of endogenous mitochondrial phospholipids 
(A) Incubation of mitochondria in the presence of 10 mM 
Ca** for the indicated time periods and determination of 
residual phospholipids was done as described in the Materials 
and Methods section. (B) Replot of the data in (A) giving the 
decrease in 10 min intervals of the indicated phospholipids 
(A PL/10 min) as function of the remaining amounts of these 
phospholipids at the beginning of each 10 mim interval. Ab- 
breviations: PC, phosphatidylcholine; PE, phosphatidyletha- 
nolamine; CL, cardiolpin; PL, phospholipid Mean values of 
three independent experiments are given. 
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zyme (Table II). This experiment represents a 
substrate concentration curve for the intermem- 
brane route of substrate hydrolysis. As can be 
seen in Table II, substrate hydrolysis by the inter- 
membrane route in this experiment never 
amounted to more than 2% of the total hydrolysis 
expected, when the sum of intra- and intermem- 
brane hydrolysis would have been measured under 
these conditions. Thus, although an accurate sub- 
strate concentration curve for the intermembrane 
route cannot be given because of the low amounts 
of substrate hydrolysis, the data clearly indicated 
the negligible contribution of the intermembrane 
enzyme action in total substrate hydrolysis upon 
incubation of mitochondria in the presence of 
Cat. 

Having established that substrate hydrolysis 
upon incubation of mitochondria with Ca?* pro- 
ceeds by intramembrane action of the phospho- 
lipase A,, we can now determine how the velocity 
of this mode of enzyme action changes with time 
as more phospholipid substrate is converted into 
free fatty acids and lysophospholipids. This is 
done by measuring phospholipid hydrolysis as a 
function of time (Fig. 3A). The curves obtained 
can then be converted into’ curves in which the 
phospholipid decrease during intervals of 10 min, 
as an approximation of initial velocity, is plotted 
against the remaining amount of that phospholi- 
pid in nmol phospholipid /mg protein still present 
at the beginning of the time interval (Fig. 3B). 
Several interesting phenomena become apparent 
upon inspection of these curves. Firstly, the curves 
for phosphatidylethanolamine and phosphatidyl- 
choline tend to plateau and near-maximal hydrol- 
ysis rates for these phospholipids are found at the 
amounts at which they occur naturally in mito- 
chondria. Secondly, phosphatidylethanolamine 
hydrolysis proceeds at a rate almost twice that for 
phosphatidylcholine at the initial ratio in which 
these phospholipids occur in mitochondria. 
Thirdly, the rates drop dramatically during the 
course of the experiment, and hydrolysis of the 
main mitochondrial phospholipids does not seem 
to proceed to completion. In fact, phospholipid 
degradation nearly has stopped while there is still 
about 90 nmol phosphatidylcholine, 25 nmol 
phosphatidylethanolamine, and 10 nmol cardioli- 
pin remaining per mg protein. This is not due to 
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TABLE H 


INFLUENCE OF ORGANELLE CONCENTRATION ON SUBSTRATE HYDROLYSIS BY INTERORGANELLE ENZYME 


ACTION 


The indicated amounts of mitochondna My, M,, and M, (compare legend of Table I for explanation) were incubated for 20 min at 
37°C ın the presence of 10 mM CaCl, to measure hydrolysis of phosphatidyl [!4C]ethanolamine (A*S) The mitochondria contained 


86 nmol phosphatidylethanolamine per mg protein. 


Incubation (mg protein/ml) A*S 
Mo M; Mz (a) 

1.0 — - 137 
~ 10 - 1.5 
- 1.2 T3 3.1 
~ 2.4 7.5 21 
- 4.9 7.5 1.6 
— 7.7 7.5 00 
~ 9.8 75 04 


A*S (nmol) Inter route 
total inter (% of total 
expected) 

11.5 ? ~ 

1.3 ? 2 

an 1.6 1.7 

4.2 12 1.3 

64 0.4 04 

0.0 0.0 0.0 

3.2 00 0.0 





denaturation of the phospholipase A, during the 
prolonged incubations. When small aliquots of the 
mitochondria were removed from the incubation 
mixture at different times to determine the phos- 
pholipase A, activity with excess exogenous 1- 
acyl-2-[1-!4 C]linoleoylphosphatidylethanolamine, 
the enzyme appeared:to have remained fully ac- 
tive. Also, when the mitochondria at various times 
were delipidated by ammoniacal acetone as 
described previously [11], a constant amount of 
phospholipase A, activity could be extracted (Fig. 
4). 

To simplify the two-membrane system of mito- 
chondria, the experiment of Fig. 3 was repeated 
for mitoplasts. The mitoplast preparation con- 
tained 63% of the succinate dehydrogenase and 
8% of the monoamine oxidase activity of the origi- 
nal mitochondria, indicating an almost 8-fold 
enrichment of the inner membrane marker in 
comparison to outer membrane marker (Table 
IID). In view of the earlier finding [21] that mito- 
chondrial phospholipase A,-exhibited two 
plateaux in the activity versus Ca** concentration 
curve, the mitoplasts were incubated at 0.25 mM 
Ca?* to saturate only the high-affinity Ca?*-bind- 
ing site. As can be seen in Fig. 5, the time-course 
for hydrolysis of endogenous phospholipids is very 
similar to that observed with whole mitochondria, 
although the absolute numbers differ somewhat 
due to a different phospholipid composition. The 


plot of phospholipid decrease in 10 min intervals 
as a function of remaining phospholipid (Fig. 5B) 
shows the same characteristics as observed for 
mitochondria. Again, initially the rates are barely 
influenced by the decrease in the amounts of 
phospholipids, phosphatidylethanolamine is 
hydrolyzed fastest, and phospholipid hydrolysis 
arrests while still considerable amounts of sub- 
strate are potentially available. 


/min/mg 
< NA 
O O O 





nmol FA 


O 30 60 90 120 150 180 
TIME (min) 


Fig. 4. Activity of mitochondrial phospholipase A, towards 
exogenous phosphatidylethanolamine as a function of muto- 
chondnal incubation time. Mitochondria were incubated in the 
presence of 10 mM Ca?* in an experiment identical to that of 
Fig. 3A At the indicated times, aliquots (0.2 mg protein) were 
withdrawn to assay for phospholipase A, activity with exoge- 
nous phosphatidylethanolamine (O-O, membrane-bound 
phospholipase A,, mb-PA,). Alternatively, the enzyme was 
solubilized by ammonical acetone treatment of 7.5 mg mito- 
chondrial protem and extraction of the delipidated pellet with 
0.5 M KCI [11]. Specific activity of the solubilized phospho- 
lipase A, was determined with 1-acyl-2-[1-14 C]linoleoylphos- 
phatidylethanolamine as substrate (0-C, s-PA,). 


TABLE III 
RECOVERY OF MARKER ENZYMES IN MITOPLASTS 


175 


Mean values of three experiments with a mean value for protem recovery of 46% are given. 


Preparation Succinate dehydrogenase 
total Spec act 
(amol/ (nmol /mun per 
min) mg) 
Mitochondna 2055 23.4 
Maitoplasts 1298 33.8 


8.0 
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TIME (h) n mole PL/mg PROTEIN 


Fig. 5. Hydrolysis of endogenous phospholipids ın mitoplasts 
The experimental conditions were identical to those of Fig 3, 
except that mitoplasts were used ın the presence of 025 mM 
CaCL, Mean values of two experiments, varying by less than 
15%, are given. Abbreviations as in Fig 3. 


Discussion 


In this paper we have shown that the hydrolysis 
of endogenous phospholipids by mitochondrial 
phospholipase A, proceeds nearly entirely by an 
intraorganelle action of the enzyme. As discussed 
in the Introduction, intermembrane enzyme action 
has been claimed to contribute significantly to the 
in vitro hydrolysis of membrane-bound substrates 
by diglyceride lipase from rat brain [5] and rat 
liver [8] microsomes, sphingomyelinase from 
chicken erythrocyte ghosts [6] and lysophospho- 
lipase from M. gallisepticum [7]. Although these 
contradictory findings may be due to the use of 
different systems, it should also be realized that a 
different methodology was applied in our experi- 
ments with mitochondria. To assess the contribu- 
tion of intermembrane routes in the action of 


Monoamine oxidase 


total spec act. % 
(AA x60 / (AA 360/ 

mun) min per mg) 

2.39 0,0263 100 
019 0.0048 8 


diglyceride lipase [5,8] or lysophospholipase [7] the 
membrane vesicles containing the radioactive sub- 
strates and inactivated enzymes were prepared by 
treatment of the membranes with lipolytic en- 
zymes to generate substrate and by heat treatment 
to inactivate enzyme. The experiments with mito- 
chondria used endogenous substrate and an ac- 
tive-site-directed inhibitor to inactivate enzyme. In 
addition, the finding of intermembrane enzyme 
action as reported [5,7,8] requires us to rule out 
the possibility that this is only apparent and in 
fact caused by membrane fusion or transport of 
substrate from the membrane containing the in- 
activated enzyme to the membrane having the 
active enzyme. When considerable amounts of 
membrane phospholipids are hydrolyzed by lipo- 
lytic enzymes to generate substrate, fusion and/or 
substrate transport is difficult to exclude. This 
holds especially when the pH optimum of the 
enzyme under investigation requires incubations 
at acidic pH values [5] known to cause membrane 
aggregation or when the substrate is a lysophos- 
pholipid [7] known to exchange rapidly between 
membranes [22]. 

The hydrolysis of endogenous mitochondrial 
phospholipids appears to be catalyzed completely 
by enzyme acting on substrate in the same 
organelle. The curves depicting the velocity of this 
process as a function of the amounts of remaining 
phospholipid show that some phospholipid may 
be hydrolyzed without appreciably affecting the 
rates. This suggests that the phospholipase A, in 
its natural environment with the given phospholi- 
pid composition is saturated with these substrates, 
and stresses the necessity for tight regulation of 
the membrane-associated phospholipase A, in 
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order to prevent digestion of membrane phos- 
phoglycerides. 

It is an intriguing finding that the rate of 
phospholipid hydrolysis in both mitochondria and 
mitoplasts approaches zero (Figs. 3 and 5), while 
still considerable amounts of substrate are present 
and the enzyme does no appear to become dena- 
tured (Fig. 4). One possible explanation could be 
that the remaining phospholipids are firmly bound 
to membrane proteins and inaccessible to the en- 
zyme. In the case of mitoplasts it is possible and 
necessary to consider the data in terms of sided- 
ness of both phospholipids and enzyme, especially 
since at the end of the 4 h incubation 46% of the 
total phospholipids are degraded. It can be calcu- 
lated from Fig. 5 and data not shown that 25% of 
phosphatidylcholine, 75% of phosphatidylethanol- 
amine, 23% of cardiolipin, about 35% of phospha- 
tidylinositol and about 80% of phosphatidylserine, 
are hydrolyzed at the end of the incubation of 
mitoplasts. Although these values might suggest 
the complete hydrolysis of phospholipids in -one 
monolayer of the inner membrane with the per- 
centages of the individual phospholipids hydro- 
lyzed being present in that monolayer, the results 
cannot yet be interpreted in this simple way be- 
cause of conflicting data in the literature con- 
cerning the localization of both phospholipase A, 
and phospholipids in the transverse plane of the 
inner mitochondrial membrane. Based on experi- 
ments with the Ca”*-transport blocker, Ruthenium 
red, Severina and Evtodienko [23] concluded that 
all mitochondrial phospholipase A, activity is 
localized on the matrix side of the inner mem- 
brane. This conclusion contradicts earlier findings 
by Waite [3] and Nachbaur et al. [4] who reported 
that only about one-third of the total mitochon- 
drial phospholipase A. was present in the inner 
membrane. In addition, Zurini et al. [24] stated 
that even of the total inner membrane phospho- 
lipase A,, only about one-third is located at the 
matrix side. 

De Kruijff et al. [25] have found that in the 
intact mitochondrial membranes phospholipids are 
largely present in a bilayer structure at 37°C. 
Conflicting data have been reported, however, 
concerning the asymmetric distribution of phos- 
pholipids over the two halves of the mitochondrial 
inner membrane. Whereas Crain and Marinetti 


[26] found that 30-40% of the inner membrane 
phosphatidylethanolamine is located on the out- 
side surface, Nilsson and Dallner [27] reported 
about 90% of this phospholipid to be present in 
the outer leaflet. In view of these discrepancies it 
is obvious that further investigations are required 
before the exact localization of phospholipase A, 
and phospholipids in the transverse plane of the 
inner mitochondrial membrane can be stated with 
certainty. In the meantime there is a third argu- 
ment to consider it unlikely that the arrest of 
phospholipid hydrolysis upon incubation of 
mitoplasts is caused by depletion of the phos- 
pholipids in one monolayer, i.e., the monolayer 
that contains a putatively asymmetric phospho- 
lipase A,. This argument stems from *!P-NMR 
spectra of the phospholipids in isolated inner mi- 
tochondrial membranes which indicated that part 
of the phospholipids underwent isotropic motion 
[28]. This, and the subsequent production during 
incubation of mitoplasts of large amounts of free 
fatty acids and lysophospholipids, would suggest 
so much disturbance of the bilayer that potentially 
all the phospholipids, even when they were asym- 
metrically present to begin with, could come into 
contact with the phospholipase A,. Indeed, **P- 
NMR spectra of residual membranes during in- 
cubation of mitoplast ghosts with Ca?* indicated 
that a considerable part of the phospholipids ex- 
perienced isotropic motion (data not shown). 
However, isotropic signals were also present in 
mitoplast ghosts incubated in the presence of 
EDTA and the possibility could not be excluded 
that these signals were caused by rapid tumbling 
of small inner membrane fragments. In view of 
these considerations we feel that the fact that 
phospholipid hydrolysis nearly stops upon incuba- 
tion of mitochondria and mitoplasts has to be 
ascribed to changes in the lipid environment of 
the enzyme that render the phospholipase A, in- 
active. Most likely, the production of unsaturated 
free fatty acids plays an important role in this 
process. We have previously shown [11] that hy- 
drolysis of phosphatidylethanolamine by purified 
mitochondrial phospholipase A, is strongly in- 
hibited by addition of linoleate, whereas lysophos- 
phatidylethanolamine exerted no effect. Others 
have recently confirmed this phenomenon by 
showing that phospholipase A, activity in human 


platelet homogenates is markedly inhibited by un- 
saturated fatty acids present in the homogenate 
[29]. 

The conclusion from this paper that hydrolysis 
of endogenous phospholipids by mitochondrial 
phospholipase A, proceeds nearly entirely by in- 
tramembrane hydrolysis raises the question how 
exogenous substrates became hydrolyzed. This 
question is dealt with in the accompanying paper 
[30]. 
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Evidence is provided in this paper to indicate that hydrolysis of exogenously added phosphatidylethanola- 
mine and phosphatidylcholine by the membrane-bound phospholipase A, from rat-liver mitochondria is 
preceded by association of the substrates with the membranes. Hydrolysis of phosphatidylethanolamine after 
preincubation of mitochondria and substrate is nearly independent of incubation volume, indicating that 
substrate and mitochondria are not independently diluted. The association is greatly enhanced in the 
presence of Ca**, especially for phosphatidylethanolamine. Association can be measured after sucrose-gradi- 
ent centrifugation of mitochondria preincubated with phosphatidylethanolamine and can be visualized by 
freeze-fracture electronmicroscopy, showing substrate clusters fused with mitochondria. The association 
provides an explanation for the hydrolysis of exogenous substrates by a membrane-associated phospholipase 
A, as well as for the high preference for phosphatidylethanolamine degradation often observed in studies on 
membrane-bound phospholipases A. This preference is likely to result in part from the tendency of 
unsaturated phosphatidylethanolamines to adopt non-bilayer lipid phases allowing a more extensive associa- 
tion with biomembranes in the presence of Ca**, and does not reflect enzyme specificity per se. This 
phenomenon should be kept in mind when determining the substrate specificity of membrane-bound 
phospholipases A by the use of exogenous substrates. 


Introduction explanation for this apparent discrepancy could 
be that the membrane-associated phospholipase 
A, acts in fact only on the exogenously added 


substrates after these become somehow associated 


The membrane-associated phospholipase A, 
from rat liver mitochondria hydrolyzes endoge- 


nous mitochondrial phospholipids entirely via an 
intramembrane mode of enzyme action and does 
not appear able to hydrolyze phospholipids from 
other mitochondrial membranes [1]. Yet initial 
studies [2-7] with isolated mitochondria have 
shown that exogenously added phospholipids were 
degraded as well. In general, in this process phos- 
phatidylethanolamine appeared to be a much bet- 
ter substrate than phosphatidylcholine. A possible 
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with the mitochondrial membranes. If such an 
association of the added substrates with the mem- 
brane in the presence of Ca?* (necessary to assay 
phospholipase A, activity) occurred more easily 
with hexagonal phosphatidylethanolamine than 
with lamellar phosphatidylcholine, this could also 
explain the large preference that membrane-asso- 
ciated phospholipases A, generally exhibit for 
phosphatidylethanolamine as exogenous substrate 
[2,3,8-14]. In this paper we describe experiments 
to validate these hypotheses by investigating the 
mode of exogenous substrate hydrolysis and the 
association of these substrates with mitochondria. 
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Materials and Methods 


Materials 

[1-'4C]Linoleate was obtained from Amersham 
International, U.K. Phosphatidylethanolamine and 
phosphatidylcholine containing [1-!*C]linoleate at 
the sn-2-position, were prepared biosynthetically 
using rat-liver microsomes as previously described 
[15]. Phosphatidylethanolamine and phosphatidyl- 
choline were extracted from rat liver according to 
Bligh and Dyer [16] and purified on silica columns 
according to standard procedures. Phosphati- 
dylcholine-specific transfer protein from rat liver 
was kindly donated by Dr. D. van Loon from this 
laboratory. 


Methods 

Isolation of mitochondria. Mitochondria were 
isolated from 10% (w/v) rat liver homogenates in 
0.25 M sucrose/1 mM EDTA/20 mM Tris-HCl 
(pH 7.4). The homogenates were prepared by use 
of a Potter-Elvehjem tube and centrifuged for 15 
min at 700 X g to remove nuclei and debris and 
then for 10 min at 9000 x g to pellet the mito- 
chondria. The pellet was washed twice by resus- 
pending it in one-quarter with respect to the origi- 
nal homogenate volume of the sucrose/ EDTA/ 
Tris-HCI solution, and was finally resuspended in 
this solution. 

Assay of mitochondrial phospholipase A,. Phos- 
pholipase A, activity was measured under the 
standard conditions described earlier [7]. Sub- 
strates and other variables are indicated in the 
respective legends. 

Other procedures. Protein was determined by 
the dye-binding method of Bradford [17] using 
bovine serum albumin as standard. Other proce- 
dures are described in the respective legends. 


Results 


The membrane-associated phospholipase A, 
from rat-liver mitochondria hydrolyzed endoge- 
nous phosphatidylethanolamine by an in- 
tramembrane mode of substrate recognition and 
apparently is not able to reach the sn-2-ester bond 
of substrates in adjacent biomembranes [1]. Yet, 
in agreement with literature data, the mitochon- 
drial phospholipase A, hydrolyzed also exoge- 
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nously added phosphatidylethanolamine sonicates 
(Fig. 1A). Two possible explanations for this ob- 
servation come to mind. Either the enzyme is able 
to recognize the sn-2-ester bond in the phosphati- 
dylethanolamine structures as present in the soni- 
cate and acts by an intermembrane enzyme: sub- 
strate mode of recognition, or the substrate be- 
comes associated with the membrane and becomes 
hydrolyzed in an intramembrane enzyme: sub- 
strate recognition process. In the latter case one 
would expect dilution to have less influence on the 
hydrolysis rate than in the former case. For such 
dilution experiments a substrate concentration of 
0.2 mM was chosen from the data obtained in Fig. 
1A. Mitochondria were preincubated for either 5 
or 15 min with 0.2 mm phosphatidylethanolamine 
and the mixtures were diluted as indicated in Fig. 
1B for the determination of substrate hydrolysis in 
a further incubation for 30 min. The expected 
influence of the dilution on the rate of hydrolysis 


VimU/mg) 
nN 
PERCENT ACTIVITY 





0 02 03 04 2 04 06 O8 10 
EXOGENOUS PE (mM) INCUBATION VOLUME (mt) 
Fig. 1. Hydrolysis of exogenous phosphatidylethanolamine by 
rat liver mitochondria. (A) Influence of substrate concentra- 
tion. Mixtures containing 01 mg mitochondrial protein m 0.5 
ml 20 mM Tris-HCI buffer (pH 8 5) in 0.25 M sucrose/1 mM 
EDTA/10 mM CaCl, and the indicated concentations of 
1-acyl-2-(1-!* C]linoleoylphosphatidylethanolamine (PE, 500 
dpm-nmol~!) were incubated for 30 min at 37°C. 1 mU=1 
nmol fatty acid released per min (B) Influence of dilution on 
hydrolysis Mutochondria (0,1 mg protein) were preincubated 
for 5 min (©) or 15 min (@) at 37°C with 0.2 mM phosphati- 
dylethanolamine in 0.2 mi of the same buffer as used under (a). 
The mixtures were then diluted with this buffer as indicated 
and further incubated for 30 min at 37°C. Substrate hydrolysis 
during this period, after subtraction of hydrolysis in the prein- 
cubation period, was expressed as percent of the hydrolysis 
measured ın the undiluted sample The expected percentage 
hydrolysis as calculated from the substrate concentration de- 
pendency (A) and the dilution 1s also mdicated (©). 
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assuming intermembrane enzyme action was 
calculated from the data in Fig. 1A and is ex- 
pressed as percentage of the rate obtained at 0.2 
mM _ phosphatidylethanolamine. These data are 
plotted as a function of the incubation volume in 
Fig. 1B (open circles), As can be seen in Fig. 1B 
the actual hydrolyses measured hardly decreased 
upon dilution of the preincubation mixtures. Even 
upon 5-fold dilution, expected to result in less 
than 40% of the hydrolysis rate of the undiluted 
mixture if enzyme action was governed by the 
concentration of substrate particles (Fig. 1A), en- 
zyme activity amounted to 81 or 89% of undiluted 
controls preincubated for 5 or 15 mun, respec- 
tively. These results suggest that enzyme: sub- 
strate recognition proceeds within the membranes 
and is independent of the total incubation volume. 
The finding that hydrolysis is less dependent on 
incubation volume after a preincubation of 15 min 
as compared to a preincubation of 5 min and thus 
allowing more association of the substrate with 
the mitochondria is in line with this interpretation. 

To gain more insight into the process of exoge- 
nous phospholipid hydrolysis, mitochondria were 
preincubated with labeled phosphatidylethanola- 
mine or phosphatidylcholine. To facilitate uptake 
of lamellar phosphatidylcholine, these experiments 
were also done in the presence of a specific phos- 


TABLE I 


phatidylcholine transfer protein. Then either the 
mixtures were incubated directly with Ca?* to 
measure total, inter- plus intramembrane, sub- 
strate hydrolysis or the mitochondria were first 
isolated prior to addition of Ca*t to measure 
hydrolysis of mitochondrial associated substrate 
by intramembrane enzyme action. The results of 
those experiments (Table I) indicated that total 
hydrolysis of phosphatidylethanolamine was about 
19-fold that of phosphatidylcholine. Whereas the 
total hydrolysis of phosphatidylethanonolamine 
was not influenced by addition of the specific 
transfer protein, phosphatidylcholine hydrolysis 
increased 2-fold. When the mitochondria were first 
isolated after the preincubation with exogenous 
substrate, about 6% of the added phosphatidyleth- 
anolamine was associated with the mitochondria 
and this amount was not influenced by the pres- 
ence of the phosphatidylcholine-specific transfer 
protein. In contrast, only 2% of phosphatidylcho- 
line appeared to be associated with the mitochon- 
dria, and this increased 6-fold in the presence of 
the specific transfer protein. Incubation of these 
isolated mitochondria with Ca** resulted in about 
18% hydrolysis of the membrane-associated radio- 
active phosphatidylethanolamine, whereas the 
membrane-associated radioactive phosphatidyl- 
choline was hydrolyzed for about 7%. This 2.5-fold 


COMPARISON OF HYDROLYSIS OF TOTAL ADDED AND MITOCHONDRIA-ASSOCIATED SUBSTRATES 


Mitochondria (0.22 mg protein) were preincubated for 30 min at 25°C with either 1-acy]-2-[1-!4 C]lhnoleoylphosphatidylethanolamine 
(100 nmol; 308 dpm-nmol~') or 1-acyl-2-[1-'4 C]linoleoylphosphatidylcholine (100 nmol; 1025 dpm-nmol7') in the absence or 
presence of 20 zg phosphatidylcholine-specific transfer protein in 0.25 M sucrose/1 mM EDTA/20 mM Tris-HCl buffer (pH 8.5). 
The radioactive phospholipids were sonicated in this medium for 15 min at 0°C at 60 W with a Branson sonifier and centnfuged for 
20 min at 15000 g before addition to the incubation medium. After the preincubation the mitochondrial suspension was either 
incubated directly with a final concentration of 10 mM Ca’* for 30 min at 37°C to measure total hydrolysis or the mitochondria 
were isolated by centrifugation (15 min at 10000 X g), resuspended ın the above medium and incubated for 30 min at 37°C in the 
presence of 10 mM Ca?* to measure hydrolysis of mitochondna-associated radioactive substrates. Mean values of three expenments 
differing by less than 15% are given. Abbreviations: PE, phosphatidylethanolamine; PC, phosphatidylcholine, TP, PC-specific 
transfer protein. 


Substrate Total hydrolysis Mitochondria-associated Hydrolysis of mitochondria- 
substrate associated substrate 
dpm nmol dpm nmol dpm Shydrolysis 
PE 5788 188 1972 64 344 17.4 
PE+TP 6050 19.6 2040 66 372 18.2 
PC 1076 10 1850 1.8 90 4.9 


PC+TP 2310 2.3 12290 12.0 896 7.3 
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preference for hydrolysis of phosphatidylethanola- 
mine, when compared with phosphatidylcholine, 
agrees well with the preference observed for hy- 
drolysis of endogenous substrates [1] and suggests 
that similar enzyme : substrate recognition 
processes are involved in the hydrolysis of mem- 
brane-associated radioactive substrates and en- 
dogenous substrates. The fact that this preference 
is much less than the 19-fold difference observed 
when total hydrolysis of added substrates was 
measured (Table I) suggested that hydrolysis of 
exogenous phosphatidylethanolamine is ‘strongly 
favored over that of phosphatidylcholine because 
of a more extensive association with the mitochon- 
dria. This was borne out already in the 3.5-fold 
better uptake of phosphatidylethanolamine in the 
preincubation with Ca?* and transfer protein (Ta- 
ble I). In the presence of Ca?* the preferential 
uptake of phosphatidylethanolamine becomes even 
more pronounced (vide infra). The effect of Ca** 
on the association of phosphatidylethanolamine 
with mitochondria was suggested by the observa- 
tion (compare Table I) that total hydrolysis of 
radioactive phosphatidylethanolamine, measured 
after addition of Ca?* to the preincubation mix- 
ture (about 19 nmol), is much higher than the 
amount of phosphatidylethanolamine associated 
with the mitochondria after preincubation without 
Ca?* (about 6.5 nmol). This can be-explained by 
assuming that either exogenous phosphatidyletha- 


TABLE H 


INFLUENCE OF Ca?* ON COPRECIPITATION OF SUB- 
STRATE WITH MITOCHONDRIA 


Sonicated substrates, prepared as described in the legend of 
Table 1, in amounts of 200 nmol, were incubated for 15 min at 
25°C with or without 10 mM Ca** either alone or with 
mitochondria (0,22 mg protein) in 0.5 ml of 0.25 M sucrose/1 
mM EDTA/20 mM Tris-HCl (pH 8.5). After incubation the 
mixtures were centrifuged for 15 min at 10000 X g to measure 
the amount of precipitated substrate. Mean values of three 
experiments differing by less than 10% are given. 


Substrate Precipitated substrate (nmol) 
plus minus 
mitochondria mitochondria 
—Ca?t +Ca?t — Ca? t +Ca?t 
Phosphatidylethanolamine 6.8 194 0 199 
Phosphatidylcholine 2,7 14.8 0 0 
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nolamine was hydrolyzed by intermembrane ac- 
tion of the mitochondrial phospholipase A, (in 
contrast to the results of earlier experiments, which 
seemed to exclude this possibility), or that more 
phosphatidylethanolamine than the 6.5 nmol after 
the preincubation without Ca** become associ- 
ated with mitochondria when Ca** was added to 
measure total hydrolysis. To investigate the latter 
possibility, association of added phosphatidyletha- 
nolamine and phosphatidylcholine with mitochon- 
dria was measured in the absence and presence of 
Ca’*. The results of these experiments (Table II) - 
indicated that the 1.3% of coprecipitation of phos- 
phatidylcholine with mitochondria in the absence 
of Ca** increased to 7.4% in the presence of 
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Fig. 2. Association of phospatidylethanolamine with mitochon- 
dria. Incubation of phosphatidylethanolamine with or without 
Ca** and mitochondria was carried out as described in the 
legend of Table I]. The incubation mixtures were layered on 
top of a discontinuous sucrose gradient consisting of 2 ml 10%, 
6.5 ml 25%, and 2 ml 65% sucrose in 20 mM Tris-HCl (pH 
8.5). The tubes were centrifuged for 30 min at 25000 rpm in a 
SW 41 rotor of a Kontron TGA 50 centrifuge. Fractions 
(numbered 1-11 from top to bottom) were analyzed for 
mitochondrial protein and '*C radioactivity. (A) phosphatidyl- 
ethanolamine (PE)+ mitochondria; (B) phosphatidylethanola- 
mine + mitochondria+Ca**; (C) phosphatidylethanolamine; 
(D) phosphatidylethanolamine + Ca? +. Recoveries ranged from 
75% to 92% for mitochondrial protein and from 70% to 86% 
for 14C radioactivity. '*C radioactivity recovered was present 
for more than 99% in phosphatidylethanolamine in all peaks, 
except for in fractions 9-11 from experiment B, where 7-10% 
was present as free fatty acid. Results similar to those depicted 
in this figure were obtained in three independent experiments. 
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Fig. 3. ‘'P-NMR proton-decoupled spectra of aqueous disper- 
sions of rat liver phosphatidylethanolamine. The samples were 
prepared by dispersing 100 pmol phosphatidylethanolamine in 
1.0 ml 30% *H,O/40 mM KC1/10 mM Ca**/100 mM Tris- 





Ca**. Coprecipitation of phosphatidylethanola- 
mine increased much more dramatically from 3.4% 
in the absence of Ca** to 97.0% in the presence of 
this metal ion. However, this experiment was not 
conclusive, in that addition of Ca?* alone to 
phosphatidylethanolamine sonicates also caused 
precipitation of this substrate in the absence of 
mitochondria. Apparently this procedure caused 
clustering of phosphatidylethanolamine to larger 
Structures which precipitated under the conditions 
used to spin-down mitochondria. This clustering 
was seen neither with phosphatidylethanolamine 











HCI buffer (pH 8.5). Spectra at 36.4 MHz at the indicated 
temperatures were recorded on a Bruker WH 90 Fourier trans- 
form spectrometer equipped with temperature-control and pro- 
ton-decoupling facilities as described [19]. 


Fig. 4. Freeze-fracture electronmicrograph of 
mitochondria-associated phosphatidyletha- 
nolamine. Mitochondria were incubated with 
phosphatidylethanolamine in the presence of 
Ca% as described in the legend of Table II 
and isolated by centrifugation, Magnifica- 
tion: 60000-fold 


in the absence of Ca?* nor with phosphatidylcho- 
line in the absence or presence of Ca**. To de- 
termine whether the recovery of phosphatidyletha- 
nolamine in the presence of Ca?* in the mito- 
chondrial pellet resulted from coprecipitation or 
from association with mitochondria, the latter were 
reisolated by sucrose gradient centrifugation. As 
can be seen in Figs. 2C and D, phosphatidyletha- 
nolamine both in the presence and absence of 
Ca** remained at the top of the gradient. Fig. 2A 
shows that in the absence of Ca** only a few 
percent of the radioactive phosphatidylethanola- 
mine became associated with mitochondria, in 
agreement with earlier experiments (Tables I and 
II). However, in the presence of Ca?*, over 70% of 
the radioactive phosphatidylethanolamine was 
recovered in gradient fractions containing the mi- 
tochondria. 

Two possible explanations for the additional 
association of phospholipids, espectally phosphati- 
dylethanolamine, with mitochondria in the pres- 
ence of Ca?*+ can be envisaged. Ca** initiates 
hydrolysis of endogenous phospholipids [1] and it 
could be that the formation of lysophospholipids 
and free fatty acids facilitates the association of 
the exogenously added substrates. However, this 
possibility was ruled out in experiments where 
mitochondria were preincubated: with Ca?t to 
generate lysophospholipids and free fatty acids. 
Association of phosphatidylethanolamine and 
phosphatidylcholine with the reisolated mitochon- 
dria was comparable for preincubated and control 
mitochondria (data not shown). The second possi- 
bility to explain the additional association of espe- 
cially phosphatidylethanolamine with mitochon- 
dria in the presence of Ca** takes the structure of 
the exogenously added phospholipids, derived 
from rat liver, into consideration. Rat liver phos- 
phatidylethanolamine showed the presence of 
hexagonal H, phase in the *tP-NMR spectra, 
even at the temperature of 25°C used in the 
preincubation (Fig. 3). As expected [18,19], this 
phase was more prominent at 37°C. It is well 
known that phosphatidylcholines remain organized 
in extended bilayers [20,21] and this was con- 
firmed for rat liver phosphatidylcholine in the 

medium used (data not shown). 
= The nature of the association of phosphatidyl- 
ethanolamine with mitochondria at the molecular 
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level remains to be elucidated. Freeze-fracture 
electronmicrographs of the pellet obtained after 
incubation of mitochondria with phosphatidyleth- 
anolamine in the presence of Ca?* revealed clus- 
ters of phosphatidylethanolamine fused with the 
mitochondrial membrane. The lipid clusters them- 
selves consist of fused vesicles (Fig. 4). 


Discussion 


In the accompanying paper [1] we showed that 
hydrolysis of endogenous substrates by mitochon- 
drial phospholipase A, proceeded with an in- 
tramembrane process of enzyme: substrate recog- 
nition. In this process phosphatidylethanolamine 
was hydrolyzed with 2- to 3-fold preference over 
phosphatidylcholine. Both conclusions, i.e., the in- 
tramembrane mode of action and the 2- to 3-fold 
preference for phosphatidylethanolamine, were in 
apparent contrast to the finding that exogenous 
phospholipids become degraded upon incubation 
with mitochondria and this with a much higher 
preference, up to almost 20-fold (Table I). In this 
paper we provide results to suggest that the ap- 
parent discrepancy can be explained by the associ- 
ation of the exogenous phospholipids with the 
mitochondrial membranes prior to hydrolysis. That 
this association must take place followed from the 
near independence of substrate hydrolysis when 
preincubated mixtures of mitochondria with phos- 
phatidylethanolamine were diluted up to 5-fold 
(Fig. 1B). Recently, Scheel et al. [22,23] used simi- 
lar techniques to prove that ganglioside degrada- 
tion by a membrane-bound sialidase from calf 
brain proceeded only after the ganglioside micelles 
had been inserted into the membrane. 

The more extenisve association of phosphati- 
dylethanolamine contributes considerably to the 
large preference in exogenous substrate hydrolysis 
for phosphatidylethanolamine. When only the hy- 
drolysis of associated radiolabeled substrates was 
measured (Table I) similar preferences for phos- 
phatidylethanolamine as observed for endogenous 
substrates were found. The more extensive associ- 
ation of phosphatidylethanolamine in comparison 
to phosphatidylcholine, especially in the presence 
of Ca**, is most likely related to the structures of 
the hydrated phospholipids. In contrast to rat liver 
phosphatidylcholine, that formed extended bi- 
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layers at both 25 and 37°C, the phosphatidyletha- 
nolamine from this source exhibited lamellar and 
hexagonal Hı, phases at pH 8.5 and 25°C. At 
37°C the presence of the hexagonal phase had 
increased at the expense of the lamellar phase 
(Fig. 3). At 25°C about 60% of the phosphatidyl- 
ethanolamine was still present in the lamella phase. 
This implies that in the case where more than 70% 
of the added phosphatidylethanolamine became 
associated with the mitochondrial membranes at 
25°C (Fig. 2B) the association was not exclusively 
restricted to the non-bilayer phase. On the other 
hand, the association process may have been 
facilitated by the induction of non-bilayer lipid 
structures in the mitochondrial membranes in the 
presence of Ca** [24,25]. This could also explain 
why some association of lamellar phosphatidyl- 
choline with mitochondria was consistently not- 
iced (Tables I and II), especially in the presence of 
Ca?+ (Table II). Whatever the exact mechanism, 
in view of the potential involvement of non-bi- 
layer lipid structures in membrane fusion events 
[21], it appears plausible that the preferential as- 
sociation with mitochondria of phosphatidyletha- 
nolamine when compared with phosphatidylcho- 
line is related to the non-bilayer-forming tenden- 
cies of the former phospholipid. With regard to 
the nature of the association, it is clear from 
freeze-fracture electronmicrographs (Fig. 4) that 
most of the phosphatidylethanolamine is not taken 
up in the membranes, although some incorpora- 
tion cannot be excluded. Rather, most of the 
substrate appears present in large clusters of fused 
substrate with a honeycomb structure that are 
locally fused with mitochondrial membranes. Pre- 
sumably, these fusion points allow a flow of phos- 
phatidylethanolamine from the substrate cluster to 
the membrane-associated phospholipase A,. Such 
a mechanism remains in line with the previous 
conclusion [1] that the mitochondrial phospholi- 
pase A, preferably acts by intramembrane sub- 
strate hydrolysis. At the same time, the association 
provides an explanation for the higher preference 
for phosphatidylethanolamine hydrolysis when ex- 
ogenous substrates are used than observed with 
endogenous substrates. 

This phenomenon may not be specific for mito- 
chondrial phospholipase A... Many membrane- 
bound phospholipases A have been reported to 


hydrolyze exogenous phosphatidylethanolamine in 
preference to phosphatidylcholine, at least when 
assayed without detergents [2,3,8—14]. Similar ex- 
periments as described in Table I for mitochon- 
dria have been done with rat liver microsomes 
(Lenting, unpublished data). This membrane con- 
tains mainly phospholipase A, activity [3,26] and 
hydrolyzed exogenous phosphatidylethanolamine 
with an 11-fold preference over phosphatidylcho- 
line. However, with microsomal-associated sub- 
strates this preference was reduced to only 2- to 
3-fold, in much the same way as found for mito- 
chondrial phospholipase A,. The high preference 
for exogenous phosphatidylethanolamine results 
in part from its physicochemical properties, allow- 
ing a better association with biomembranes, and 
does not reflect enzyme specificity per se. This 
phenomenon should be kept in mind when assess- 
ing the substrate specificity of membrane-associ- 
ated phospholipases A by the use of exogenous 
substrates. 
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This paper demonstrates that structural modification of the heparin-releasable salt-resistant lipase of rat 
liver (liver lipase) alters its relative capacity to hydrolyze phospholipid and triacylglycerol emulsions. 
Enzymatic activities were modified by immunoinhibition and proteolysis and by selective amino acid agents. 
Binding of three different monoclonal antibodies resulted in a lower extent of inhibition of phospholipase 
than of triacylglycerol hydrolase activity. Degradation of the enzyme by trypsin under mild conditions led to 
a decrease of both enzyme activities in a different way. Triacylglycerol hydrolase activity was less affected 
than the phospholipase activity. Visualization of the proteolysis of the purified enzyme by immunoblotting 
revealed the actual breakdown of a 58 kDa protein into a 53 kDa protein band and subsequently in a 48 kDa 
one. Incubation of the purified enzyme by N-tosyl-L-phenylethylchloromethyl ketone (acting on cysteine or 
histidine) or N-ethylmaleimide (a sulfhydryl reagent) did not influence either enzyme activity. On the other 
hand, after the selective modification of lysine residue(s) by phenylisothiocyanate, the phospholipase A, 
activity was stimulated by 68%, whereas the triacylglycerol hydrolase activity was completely lost. The role 
of a lysine residue(s) in the activity of the enzyme towards phospholipid and triacylglycerol emulsions is 
discussed, 


Introduction 


The liver of many, if not all, vertebrates [1] 
contains a heparin-releasable lipase, commonly re- 
ferred to as hepatic triglyceridase or liver lipase. 
Evidence has been presented for a role of this 
enzyme in lipoprotein metabolism. After the in 
vivo inhibition of the enzyme activity, for instance 


Abbreviations: TPCK, N-tosyl-L-phenylethylchloromethyl ke- 
tone; PMSF, phenylmethylsulfonyl fluonde; HDL, high-den- 
sity lipoprotein. 
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by using anti-liver lipase antibodies [2,3] or by the 
administration of estrogens [4,5], significant 
changes were observed in serum lipoprotein levels, 
suggesting a role of the enzyme in the conversion 
of HDL subfractions [4,6,7]. Since a similar en- 
zyme [8,9] was reported in the adrenal gland and 
in the ovary, a mechanism was proposed [7] by 
which the hydrolytic action of the enzyme on 
HDL phospholipids would promote the flux of 
free cholesterol between the HDL particle and the 
underlying tissue in favor of the three organs 
mentioned. The extracellular localization of the 
enzyme in the liver [10] was recently also estab- 
lished in the corpus luteum [11,12] and in the zona 
fasciculata in the adrenal cortex [11], indicating a 
role of the enzyme in progesterone synthesis and 
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in glucocorticoid production. It is not clear 
whether the enzyme is also important for in vivo 
triacylglycerol hydrolysis. In vitro, the enzyme has 
a high K,, for the triacylglycerol substrate [13]. 
Collagenase treatment of rat liver lipase by Kuusi 
et al. [14] resulted in a drastic decrease in tri- 
acylglycerol hydrolase activity without effect on 
its monoacylglycerol hydrolase activity. Jensen et 
al. [15] and Shirai et al. [16] confirmed these 
results using monooleoylglycerol [15] and tri- 
butyroylglycerol [16], respectively. Jensen et al. 
[15] did not observe any change in the phospholi- 
pase activity after the proteolytic digestion, 
whereas Shirai et al. showed that the capability of 
the enzyme to bind to dipalmitoylphosphati- 
dyicholine vesicles was lost. These results suggest 
the existence of a hydrophobic binding site on the 
molecule for triacylglycerol micelles apart from 
the catalytic centre. The aim of the present study 
is to investigate the effects of structural alteration 
of the enzyme on the hydrolysis of phosphati- 
dylcholine and triacylglycerol emulsion by rat liver 
lipase. For this purpose, three different methods 
were used, 

(i) Immunoinhibition of phospholipase A, activ- 
ity and triacylglycerol hydrolase activity with 
monoclonal antibodies. 

(ii) The effect of mild tryptic digestion on both 
enzyme activities. 

(iii) Protein modification with amino acid reactive 
agents and the effect on enzyme activities. By the 
selective modification of a single amino acid, com- 
plete inactivation of some enzymes has been re- 
ported [17,18]. The influence of three protein mod- 
ifiers was studied to elucidate the role of certain 
amino acids in both phospholipase A, and the 
triacylglycerol hydrolase activities: TPCK, which 
is known to react with either histidine [8] or 
cysteine [17,19], N-ethylmaleimide, a sulfhydryl 
reagent, specific for cysteine [19,20], and phenyl- 
isothiocyanate, which binds the € amino group of 
lysine at an alkaline pH [21]. 


Materials and Methods 


Monoclonal antibodies. A panel of five different 
monoclonal antibodies against salt-resistant rat 
liver lipase was used in this study. The characteris- 
tics of these antibodies that were indicated as A, 
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B, C, D and E and a control (indicated as C,) 
with respect to immunoprecipitation and im- 
munoinhibition of triacylglycerol hydrolase activ- 
ity of the enzyme was reported earlier [9]. 

Determination of triacylglycerol hydrolase activ- 
ity. A mixture of 20 pCi tri[?H]oleoylglycerol 
(Amersham, U.K.) (1.0 Ci/mmol) and 34 mg tri- 
oleoylglycerol was taken to dryness and emulsified 
by sonication in 2.5 ml 5% (w/v) gum acacia 
(BDH Chemicals, U.K.) containing 8 mM 
NaHCO,. The emulsion was mixed with 3 ml 10% 
(w/v) defatted bovine serum albumin, 0.5 ml 1 M 
Tris-HCl (pH 8.5) and 1.5 ml 5 M NaCl. 150 pl of 
the mixture was incubated with 100 41] sample for 
30 min at 30°C. The free fatty acids formed were 
extracted as described by Belfrage and Vaughan 
[22]. Triacylglycerol hydrolase activity was 
determined as mU/ml (1 mU represents 1 nmol 
free fatty acid released from the substrate in 1 min 
at 30°C). 

Determination of phospholipase A, activity 

Labeling of phosphatidylcholine was performed 
by incubation of rat liver microsomes with [9,10- 
>HJoleic acid, ATP, MgCl, and coenzyme A as 
described by Van den Bosch et al. [23]. In a 
similar procedure, using phosphatidylethanola- 
mine as a substrate, Groot et al. [24] showed that 
98.6% of the acyl label was associated with posi- 
tion 1 of the lipid. Radioactive phosphatidylcho- 
line was purified from rat liver microsomes ac- 
cording to established methods [24]. The lipid 
concentration was determined according to Stew- 
ard [25]. 

A mixture of 0.4 pCi 1-[9,10-7H]oleoylphos- 
phatidylcholine and 250 nmol phosphatidylcholine 
(also from rat liver microsomal origin) was 
evaporated under N, and emulsified by sonication 
in 0.25 ml water. The emulsion was mixed with 50 
#155 mM CaCl,, 50 ul 1 M Tris (pH 8.50) and 
150 pl water. 50 ul of the mixture was incubated 
with 100 yl sample for 15 min at 30°C. The 
reaction was terminated with 1 ml of a mixture of 
heptane, isopropanol and 10 N H,SO, 
(40:40:0.1, v/v). After the addition of 200 zl 
water, vigorous stirring and centrifugation, the 
water phase was incubated with silicic acid to 
remove all phosphatidylcholine. After centrifuga- 
tion, the radioactivity was determined in 200 pl of 
the sample by liquid scintillation counting. Phos- 
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pholipase A, activity was determined in mU/ml. 

Purification of rat liver lipase. Liver lipase was 
isolated from eight rats by means of in vitro 
perfusion of the liver at 6°C with a Tyrode buffer 
gassed with 95% O,/5% CO, containing 30% (v/v) 
glycerol, 10 IU/ml heparin (Tromboliquine; 
Organon, Oss, The Netherlands) and 100 pM 
PMSF (Merck, Darmstadt, F.R.G.). To avoid pro- 
teolytic degradation of the enzyme during the 
isolation procedure, PMSF was included in all 
buffers. 100 uM PMSF during the isolation proce- 
dure does not have any effect on the relative 
triacylglycerol hydrolase/phospholipase A, activ- 
ity of the purified enzyme (20:1). The perfusates 
were loaded on a Sepharose-heparin column and 
the enzyme was eluted with a linear salt gradient 
from 0.0 to 2.0 M NaC! as described by Jensen 
[26]. The enzyme was concentrated by (NH,),SO, 
precipitation and dialysed against 5% (v/v) 
glycerol in 50 mM Tris buffer (pH 7.2) without 
PMSF (350 mU/ml triacylglycerol hydrolase ac- 
tivity, 17.55 mU/ml phospholipase A, activity). 
During the determination of the effect of pH on 
the hydrolysis of trioleoylglycerol and phosphati- 
dylcholine by liver lipase, the enzyme was tested 
for both enzyme activities by using the following 
buffers: citrate-phosphate buffer (pH 3.95), Tris- 
maleate buffer (pH 5.20, 5.85, 6.85, 7.40, 8.05, 
8.70) and glycine-NaOH buffer (pH 9.80 and 
10.60). 

Immunoprecipitation. A mixture of 5 ul purified 
liver lipase and an increasing amount of anti-liver 
lipase monoclonal antibodies A, B, C, D and E (0, 
25, 50, 75 or 100 ul hybridoma supernatants) was 
incubated for 1 h on ice. Hybridoma supernatant 
is about 1.5 mg/ml. Whole rabbit anti-mouse 
immunoglobulins (Nordic Immunology, Tilburg, 
The Netherlands) were used as a second antibody 
(10 ul from a stock solution of 1 ml of lyophylized 
antibody (10 mg/ml) dissolved in phosphate- 
buffered saline were incubated for 30 min on ice). 
50 ul of a 1:1 suspension of protein A-Sepharose 
4B (Pharmacia, Uppsala, Sweden) in phosphate- 
buffered saline were used as the precipitant. 
Incubation was performed for 30 min with gentle 
rotation at 4°C. Samples were centrifuged and 
phospholipase.A, activity was determined in 100 
ul of the supernatants. As a control, mouse IgG, 
antibodies that do not bind with liver lipase (C,) 


were used. Phospholipase A, activity is not 
inhibited by protein A-Sepharose 4B, the second 
antibody or the tissue culture medium. 

Immunoinhibition. In the immunoinhibition as- 
say, a mixture of 5 ul purified liver lipase and 75 
pl (hybridoma supernatant) of monoclonal anti- 
body A, B, C, D or E was incubated for 1 h on ice 
and subsequently tested for phospholipase A, ac- 
tivity. Again an identical incubation with 75 pl 
hybridoma supernatant C, served as a control. 

Proteolytic degradation of liver lipase. An amount 
of 384 ul purified liver lipase and 100 ul 0.1% 
(w/v) trypsin were incubated at 37°C. The reac- 
tion was terminated after 0 s, 15 min, 45 min, 
60 min and 75 min by mixing 78 pl of the reaction 
mixture with 50 pl 0.1% (w/v) trypsin inhibitor 
(trypsin/trypsin inhibitor = 1:3) The samples 
were kept on ice and tested for both tri- 
acylglycerol hydrolase activity and phospholipase 
A, activity. An identical experiment without 
trypsin but with trypsin inhibitor incubated for 
75 min at 37°C served as a control. 

A similar experiment was carried out and the 
samples were prepared for protein blotting. Liver 
lipase and trypsin were incubated on ice for 0 s, 20 
s, 1.5 min, 3 min, 6 min and 10 min. Again, an 
identical inhibition of liver lipase without trypsin 
but with trypsin inhibitor for 10 min on ice served 
as a control. After SDS-polyacrylamide gel elec- 
trophoresis, the proteins were blotted onto nitro- 
cellulose paper. Liver lipase was identified on the 
blot using a mixture of the anti-liver lipase mono- 
clonal antibodies and }*°J-labelled anti-mouse 
whole antibodies [9]. 

Modification of lwer lipase. 5 p| purified liver 
lipase and 75 pl 25 mM Tris-HCl (pH 7.6) were 
incubated with 20 ul TPCK or N-ethylmaleimide 
(BDH Chemicals, U.K.), dissolved in methanol at 
a final concentration of 50 uM, 100 uM, 200 uM 
or 300 aM (TPCK was a generous gift from Dr. B. 
Kraal, Department of Biochemistry, State Univer- 
sity of Leiden). After 75 min on ice, the reaction 
was terminated by the addition of 25 ul 20 mM 
2-mercaptoethanol and triacylglycerol hydrolase 
and phospholipase A, activities were measured. 
Identical incubations with 20 ul water or 20 pl 
methanol served as controls. Modification of liver 
lipase with phenylisothiocyanate (lot No. 26921, 
Pierce, Rockford, U.S.A.) was carried out with 5 


ul purified enzyme, 85 ul glycine-NaOH buffer 
(pH 9.5) and 0 pl, 0.125 pl, 5 wl or 10 pl PITC in 
a total volume of 100 p1 for 45 min at 22°C. 


Results 


pH-dependency of phospholipase A, and tri- 
acylglycerol hydrolase activity of purified rat liver 
lipase 

The effect of pH on the hydrolysis of a phos- 
phatidylcholine emulsion or a _trioleoylglycerol 
emulsion is shown in Fig. 1. Both enzyme activi- 
ties show a pH curve with a maximum at a pH of 
about 9.5. At a physiological pH, the phospholi- 
pase A, activity is about 80% of the maximal 
enzyme activity at pH 9.5, whereas more than 50% 
of the maximal triacylglycerolhydrolase activity is 
found. 


Effect of monoclonal antibodies on phospholipase A, 
activity 

To study the effect of five monoclonal antibod- 
ies on the phospholipase A, activity of purified rat 
liver lipase, it is important to know the binding 
capacity of the enzyme for the several antibody 
preparations. Fig. 2 shows the results of the 
immunoprecipitation of 5 pl purified rat liver 
lipase by an increasing amount of hybridoma su- 
pernatants A and E. The results with hybridoma 
supernatant B, C and D were identical with those 
obtained with A and are therefore not given in 
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Fig. 1. A punfied sample of rat liver pase was tested for 
phospholipase A, activity (@) and triacylglycerol hydrolase 
activity (O) at different pH levels, 100% activity is 349 mU/ml 
triacylglycerol hydrolase and 16.5 mU/ml phosphohpase A, 
activity. Measurements were carried out at least twice. 
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Fig 2 Immunoprecipitation of phospholipase A, activity of 5 
pl punfied rat liver hpase with an increasing amount of 
hybridoma supernatant A (G) and E (m). Hybridoma super- 
natant C, (100 a1) was used as a control (in the figure (O), at 
zero hybridoma supernatant). 100% represents 136 mU/ml 
phospholipase A, activity. Measurements were carned out at 
least twice. 


this figure. 50 ul hybridoma supernatant A, B, C 
or D is shown to be sufficient for 98% precipita- 
tion of the phospholipase A, activity of 5 pl 
purified liver lipase that was used in the assay. 
Monoclonal antibody E, on the other hand, 
surprisingly shows only 59% precipitation of the 
phospholipase A, activity with 75 ul hybridoma 
supernatant or more. In other words: 41% of the 
phospholipase A, activity of the purified enzyme 
is not recognized by monoclonal antibody E. An 
identical amount of the purified enzyme (5 u1) was 
tested for phospholipase A, activity in an im- 
munoinhibition assay, using an excess amount (75 
pl) of hybridoma supernatant A, B, C, D or E 
(Table I). It is shown in this table that ali mono- 
clonal antibodies inhibit phospholipase A, activity 
of the purified enzyme to a certain degree. Whereas 
monoclonal antibodies C and D inhibit both the 
phospholipase A, and triacylglycerol hydrolase 
activity (Table I, Ref. 9) in a similar way, antibod- 
ies A, B and E show different results. Im- 
munoinhibition of phospholipase A, and tri- 
acylglycerol hydrolase activity was also tested with 
an emulsified mixture of both substrates (see 
Materials and Methods) to exclude the possibility 
that the differences in immunoinhibition obtained 
with both enzyme activities could be related to the 
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TABLE I 


ENZYME INHIBITION OF PHOSPHOLIPASE A, ACTIV- 
ITY OF PURIFIED RAT LIVER LIPASE 


5 pl of a purified sample of rat liver lipase was incubated for 1 
h on ice with 75 pl hybridoma supernatants A, B, C, D, E and 
tested for phospholipase A, activity. C, served as control 
hybridoma supernatant. Results are given as means+S.D of 
three separate experiments in triplicate Inhibitions are 
expressed as percentages 


Antibody Enzyme actı- Inhibition 
preparation vity (mU /ml) (%) 

C, (control) 16.0+0.8 0 

A 114405 29+ 3 

B 12.24+0.5 244 3 

C 910.8 43+ 5 

D 11.4+1.8 29+11 

E 10.642.1 34413 


different micellar substrates used. The results ob- 
tained were similar to those reported in Table I 
(not shown). 


Proteolytic digestion of rat liver hpase 
The results of the proteolytic degradation of 
liver lipase and its consequences for enzyme activ- 
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Fig 3. Proteolytic digestion of purified rat liver lipase by 
trypsin. The degradation was carned out at 37°C and was 
terminated by means of trypsin inhibitor at the time intervals 
indicated. 100% phospholipase A, activity (@) is about 0.17 
mU/ml and tnacylglycerol hydrolase activity (O) is 12.8 
mU/ml. Measurements were carried out at least twice. 
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Fıg. 4. Immunoblotting of trypsin digested purified rat liver 
lipase. The enzyme was detected using a mixture of the mono- 
clonal antibodies (A-E) and a I-labelled anti-mouse anti- 
body (as the second antibody). Liver lipase and trypsın were 
incubated on ice for 0 s (lane 7), 20 s (lane 6), 1 5 min (lane 5), 
3 min (lane 4), 6 min (lane 3) and 10 min (lane 2). An identical 
incubation for 10 min without trypsin (lane 1) served as a 
control 


ity are presented in Figs. 3 and 4. Both the tri- 
acylglycerol hydrolase and the phospholipase A, 
activities of purified rat liver lipase are lowered by 
trypsin treatment of the enzyme (Fig. 3). However, 
the phospholipase A, activity is more sensitive to 
proteolysis than the triacylglycerol hydrolase ac- 
tivity. To study the actual breakdown of the mole- 
cule, the degradation by trypsin was followed by 
western blotting (Fig. 4). Immunoblotting of the 
enzyme revealed a 58 kDa enzyme form, as was 
reported earlier [9]. Fig. 4 shows that after a 
1.5 min incubation of liver lipase with trypsin on 
ice, 100% of the enzyme is degraded into a smaller, 
53 kDa, form (lane 5). After an incubation for 
10 min on ice, the intensity of the 48 kDa band 
increased at the expense of a 53 kDa band (lane 
2). Incubations for 15 min or longer at 37°C (not 
shown) result in a rapid decrease of both the 53 
and the 48 kDa band, indicating a further break- 
down of the enzyme which, however, cannot be 
detected any more by the monoclonal antibodies. 


Modification of liver lipase 

TPCK modification (Fig. 5) and N-ethyl- 
maleimide modification (Fig. 6) of purified rat 
liver lipase did not have any effect on phospholi- 
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Fig 5. Modification of purified rat liver hpase by TPCK. 5 yl 
of the enzyme was incubated with 20 u1 TPCK (in methanol) 
for 75 min on ice in a total volume of 100 u1 The reaction was 
terminated with 25 4] 20 mM 2-mercaptoethanol The enzyme 
was tested for phospholipase A, (®)activity (100% = 9.6 
mU/ml) and tnacylglycerol hydrolase (O) activity (100% =195 
mU /ml). Measurements were carried out in duplicate 


pase A, or triacylglycerol hydrolase activities. On 
the other hand, after modification of lysine re- 
sidue(s) by phenylisothiocyanate, marked changes 
were observed in both enzyme activities tested 
(Fig. 7). Although this modification rapidly 
decreases the capability of the enzyme to hydro- 
lyze a triolein emulsion, the phospholipase A, 
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Fig. 6 Modification of punfied rat liver lipase by N-ethyl- 
maleimide. The reaction was carried out as described in the 
legend of Fig 5. The enzyme was tested for phospholipase A, 
(@) activity and triacylglycerol hydrolase (OQ) activity. 
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Fig 7 Modification of purified rat liver lipase by phenyliso- 
thiocyanate 5 u1 of the enzyme was incubated with 0, 0.125, 5 
or 10 ul phenylisothiocyanate in a glycine-NaOH buffer (pH 
9.50) in a total volume of 100 yl for 45 min at 22°C. The 
enzyme was tested for phospholipase A, (@) activity and 
triacylglycerol hydrolase (O) activity. Measurements were car- 
nied out at least three times. 


activity is even initially stimulated upto 168% of 
the control value. 


Discussion 


In the study on the function of the salt-resistant 
heparin releasable liver lipase, evidence has been 
presented by several groups [2—5, 27, 28], along 
different lines, for the role of the enzyme in the 
metabolism of HDL. Besides these studies that 
support the hypothesis of the role of the enzyme 
in the degradation of HDL phospholipids, an 
effect on human HDL, triacylglycerol was also 
reported [27, 29, 30]. Goldberg et al. [31], on the 
other hand, presented data in the Cynomolgus 
monkey, suggesting a possible function of the 
enzyme in the metabolism of intermediate density 
lipoproteins. Nozaki et al. [32] demonstrated that 
in humans under pathological conditions inter- 
mediate density lipoprotein concentrations are in- 
versely correlated with human liver lipase. From 
these studies the question arises, whether liver 
lipase is besides as a phospholipase also important 
as a triacylglycerol hydrolase in vivo. Information 
about the action of the enzyme on both phos- 
pholipid and triacylglycerol as the in vitro sub- 
strate might be helpful for a better understanding 
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of the physiological action of liver lipase. The 
activity is in vitro most frequently tested at the 
optimal alkaline pH. It is shown in Fig. 1, how- 
ever, that at a physiological pH, in spite of the 
higher triacylglycerol hydrolase activity (that is 
always observed in vitro), enzyme activity is 
changed in favor of the phospholipase A, activity 
(ratio triacylglycerol hydrolase/phospholipase A, 
= 10 vs. 20). 

Based on the almost complete precipitation by 
the monoclonal antibodies A, B, C and D of both 
the triacylglycerolhydrolase activity (94%, Ref. 9) 
and the phospholipase A, activity (98%) in a 
purified sample of the enzyme, it is concluded that 
liver lipase as a single protein is capable in perfor- 
ming both activities. In the presence of an excess 
of monoclonal antibody E on the other hand, 
triacylglycerol hydrolase activity and phospholi- 
pase A, activity were precipitated for 88% [9] and 
59% respectively (Fig. 2). This suggests the pres- 
ence of a form of liver lipase that represents about 
12% of the triacylglycerol hydrolase activity and 
about 41% of the phospholipase A, activity of the 
total precipitable amount of activity by the anti- 
bodies A, B, C and D. This heterogeneity is not 
reflected in different molecular weights studied by 
immunoblotting of the same purified sample using 
the different monoclonal antibodies. On the other 
hand, the complete precipitation of enzyme activ- 
ity by the four different monoclonal antibodies, A, 
B, C and D, shows a strong homology that would 
suggest for just a minor difference(s) between the 
two forms described above. The nature of the 
enzyme form with a relatively higher phosphol- 
pase A, activity is not clear yet. Besides the effect 
of the antibodies on the triacylglycerol hydrolase 
activity [9], it is shown in this paper that all 
antibodies are also able to inhibit its phospholi- 
pase A, activity (Table I). It is important to note 
that, while monoclonal antibodies C and D inhibit 
both activities similarly, binding of antibody A, B 
or E results in pronounced differences. When using 
different enzyme preparations (the purified en- 
zyme or the enzyme in postheparin plasma) or an 
emulsified mixture of both substrates, identical 
results were obtained. Inhibition of enzyme activi- 
ties may be the result of the binding of a 160 kDa 
IgG, antibody to the enzyme, thereby interfering 
` with the hydrolyzing action of the enzyme or with 


the interaction with the micellar substrate. These 
results strongly suggest a difference between the 
phospholipase A, activity and the triacylglycerol 
hydrolase activity, possibly related to structural 
differences in the enzyme molecule. 

Proteolytic digestion of liver lipase by trypsin 
decreased both enzyme activities (Fig. 3). How- 
ever, the phospholipase A, activity was more sen- 
sitive to tryptic digestion of the enzyme than the 
triacylglycerol hydrolase activity which again 
strongly suggests a difference between both en- 
zyme activities, as was discussed above. The re- 
sults obtained with the phospholipase A, activity 
disagree with a study of Jensen et al. [15] but 
support the finding of Shirai et al. [16] of a loss of 
the capability of the enzyme to bind dipalmitoy]- 
phosphatidylcholine vesicles after tryptic di- 
gestion. Tryptic digestion of the enzyme seems 
therefore to destroy the binding site(s) of the 
enzyme for both micellar substrates, thereby de- 
creasing its activity. Immunoblotting of the tryp- 
sin-digested enzyme did reveal that the 53 kDa 
protein, which was also observed by others [9, 33, 
34], results from proteolysis of a 58 kDa protein, 
which was suggested earlier [9] (Fig. 4). The use of 
proteolytic inhibitors during the isolation of the 
enzyme is therefore highly recommended. These 
results show that, when using the partially de- 
graded enzyme in the study on the function of 
liver lipase, the phospholipase A, activity of the 
enzyme will be highly underestimated. 

From the results obtained with the protein 
modification with TPCK and N-ethylmaleimide 
(Figs. 5 and 6), it can be concluded that neither 
cysteine nor histidine residue(s) are directly in- 
volved in the catalytic activity of the enzyme 
towards phospholipids or triacylglycerols. Neu- 
tralization of the positive charge on the e-amino 
group of a lysine residue(s) and the introduction 
of the hydrophobic phenyl group by the modifica- 
tion with phenylisothiocyanate, on the other hand, 
did strongly influence both enzyme activities (Fig. 
7). The organisation of neutral and charged amino 
acids in the binding site(s) of liver lipase will of 
course be very important for the appropriate inter- 
action of the enzyme with phospholipid and tri- 
acylglycerol emulsions. The introduction of a 
phenyl group in a hydrophylic region might irre- 
versibly disturb the correct interaction of the hy- 


drophobic micelle with the enzyme, resulting in a 
complete loss of triacylglycerol hydrolase activity. 
The complexity of the interactions of the enzyme 
with the different substrates may be even larger if 
natural substrates (lipoproteins) containing possi- 
ble cofactors (apolipoproteins) are involved. This 
will be studied in future experiments. 
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This paper describes the structure of acylcerebrosides isolated from rat brains. Three fractions (acylglycosyl- 
ceramides I, II, III) were resolved according to their decreasing Rp values on TLC. GLC analysis of 
acylglycosylceramides II and III indicates that their ester-linked fatty acids are short and rather unsaturated, 
while amide-linked fatty acids are longer and hydroxylated. Sugar GLC analysis indicates that acylglycosyl- 
ceramides II and III contain only galactose. To determine the substitution position of the acyl group on the 
galactose moiety, the free hydroxyl groups of acylglycosylceramide were protected with dihydropyran, 
deacylated and subjected to permethylation. The methylated galactoside acetates obtained after hydrolysis 
and reduction were then analyzed by gas chromatography / mass spectrometry. Acylglycosylceramides II and 
III turned out to be complex mixtures of 2-O-acyl-, 3-O-acyl-, 4-O-acyl- and 6-O-acylgalactosylceramides. 
Moreover, the abundance of a-methylgalactoside reveals the existence of unsubstituted galactose, suggesting 
that some ester-linked fatty acids could be esterified to the hydroxyl group of hydroxy fatty acids linked to 
sphingosine. NMR spectrometry was used to confirm this ester linkage. The key spectral feature of the fatty 
acid-galactose linkage (4.45 ppm) did move to 4.15 ppm after saponification of acylglycosylceramide II; on 
the other hand, acylglycosylceramide III contained only the spectral feature 4.15 ppm, corresponding to a 
high percentage of unsubstituted galactose and consistent with the presence in the molecule of a fatty acid 
esterified by the w-OH group of the hydroxy fatty acid (3.95 ppm). 


Introduction 


A glycolipid fraction of lower polarity than 
cerebrosides has been isolated from mammalian 
brains [1—5] and resolved mainly into four galac- 
tolipids. These glycolipids were demonstrated to 
be galactosylceramides combined with an ad- 
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ditional fatty acid through an ester linkage. The 
acylcerebrosides isolated from human, whale and 
bovine brains are, in fact, a mixture of 2-O-acyl-, 
3-O-acyl-, 4-O-acyl- and 6-O-acylgalactosylcera- 
mides [5]. 

The presence of ester cerebrosides has also 
been reported in hog stomach [6] and rat and pig 
epidermis [7—13]. 

In the latter, the acylcerebrosides were first 
identified as acylglucosylceramides [9], suggesting 
that esterification was via the sugar ring. However, 
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reinvestigation of the sphingolipid structure using 
high-field NMR spectroscopy has shown that, at 
least in pig epidermis, the ester-linked fatty acid is 
attached to the w-hydroxyl group of the ceramide 
fatty acid and not to the sugar [11]. 

Here we present evidence that rat brain 
acylcerebrosides are a mixture of 2-O-acyl-, 3-0- 
acyl-, 4-O-acyl- and 6-O-acylgalactosylceramides 
and also contain a fraction in which fatty acids are 
esterified to the w-hydroxyl group of the hydroxy 
acid. 


Materials and Methods 


Wistar rats were obtained from a commercial 
source (IFFA-Credo 69210 L’Arbresle, France). 
Florist! (60-100 mesh) and Silica gel 60 HPTLC 
plates were purchased from Merck. Sep Pak C,, 
was obtained from INC (Stillwater, U.S.A.). All 
organic solvents and other compounds were of 
analytical quality unless otherwise specified. 


Isolation and purification of acylglycosylceramide 

The brains ofrats were carefully dissected free 
of blood vessels and extracted with CHCl,/ 
CH,0OH (2:1, v/v) according to the procedure of 
Folch et al. [14]. The pooled lipid extracts were 
evaporated to dryness, dissolved: in chloroform 
and applied to a 1x10 cm Filorisil column. 
Cholesterol is eluted with CHCl, (50 ml), while 
more polar lipids appear following successive 
washes with 50 ml CHCI,/CH,OH (97: 3, v/v), 
50 ml CHCl,/CH,OH (96:4, v/v), 50 ml 
CHC1,/ CHOH (94:6, v/v) and 50 ml CH,OH. 
Purification of acylglycosylceramide was moni- 
tored by TLC. The acylglycosylceramide-rich frac- 
tions were further refined by preparative TLC, 
and three glycolipid esters were thus prepared and 
designated as fractions I, II and III (in order of 
decreasing R, value). 


Thin-layer chromatography 

Analytical and preparative TLC was performed 
on Silicagel 60 HPTLC plates. Acylglycosylcera- 
mides were separated using CHCI1,/CH,O0H/ 
H,O (40:10:1, v/v) as solvent system [12]. The 
non-hydroxy and hydroxy fatty acids were iso- 
lated with Hexane/ethyl ether/ acetic acid (70: 
30:1, v/v) [9]. Visualization of compounds was 
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achieved by spraying the plates with Rhodamine 6 
G for all lipids and orcinol reagent for hexose- 
containing lipids. 


Mild alkali treatment 

Saponification of acylglycosylceramide was 
performed as described by Wertz et al. [9] with 
CHC1,/CH,0H/10 M aqueous NaOH (2:7:1, 
v/v). After acidification with HCl, the released 
free fatty acids were extracted with hexane and 
subjected to GLC analysis following methylation. 

The deacylated acylglycosylceramide were fur- 
ther purified by preparative TLC using CHCi,/ 
CH,0H/H,0O (40:10:1, v/v) as solvent system. 


GLC analysis of fatty acid methyl esters and mono- 
saccharides 

For GLC analysis of components, deacylated 
acylglycosylceramides were methanolysed in 1 M 
methanolic HCI [15]. After extraction with hexane, 
the amide-linked hydroxylated and non-hydroxyl- 
ated fatty acid were separated from each other on 
Florisil columns [16]. The methanolic phase con- 
taining the methylglycosides was neutralized and 
trimethylsilylated before GLC analysis [17]. GLC 
analyses were performed with a Girdel 3000 or a 
Varian 6000 instrument equipped with a flame 
ionization detector. 

The trimethylsilyl derivatives of methyl glyco- 
sides were analyzed with a Cp Sil 5 CB (Chrom- 
pack) using a program which increased the col- 
umn temperature from 120 to 240°C at a rate of 2 
Cdeg /min. 

The methyl ester of amide- and ester-linked 
fatty acids and the trimethylsilyl and methyl 
derivatives of hydroxy fatty acid methyl esters 
were analysed on a CP Sil 5CB column (25 m X 
0.25 mm) using a program which increased the 
column temperature from 100 to 240°C at the rate 
of 2 Cdeg/min. Identification of fatty acids 
derivatives was confirmed by GC-MS on a 
Ribermag 10-10 apparatus coupled to a Sidar 21 
data processor with an electron impact energy of 
70 eV and an ionizing current of 0.2 mA. 


Determination of the position of the acyl group on 
acylelycosylceramide 

Methylation of acylglycosylceramide was per- 
formed using the following modifications to the 
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procedure described by Yasugi et al. [4] and 
Parente et al. [18]: acylglycosylceramide (500 ug) 
was dissolved in 500 pl of dimethylformamide and 
treated with dihydropyran (0.05 ml) and 1% 
p-toluenesulfonic acid (0.05 ml) in dimethylfor- 
mamide for 15 h at room temperature. 

The reaction mixture was concentrated to dry- 
ness, redissolved in 1 ml of diethyl ether, soni- 
cated for 30 min and washed with 20 ml of 5% 
sodium bicarbonate to remove p-toluenesulfonic 
acid. The diethyl ether layer was then dried with 
sodium sulfate, evaporated to dryness, redissolved 
in 1 ml of CH,OH/ H,O (8:2, v/v) and applied 
on a Sep-pak C,, cartridge as described previously 
[4] for purification. Deacylation of acylglycosyl- 
ceramide was performed using 0.1 M methanolic 
sodium methoxide (40°C for 2 h), the products 
were then dried with sodium sulfate. Methylation 
was performed according to the method of Parente 
et al. [18]. The mixture of methyl mono-o-meth- 
ylgalactoside peracetates and methylgalactoside 
peracetates obtained after methanolysis and per- 
acetylation of permethyl galactosylceramide H and 
III were identified by GLC-MS on a Ribermag 
10-10 apparatus coupled to a Sidar 21 data 
processor. The electron impact energy which was 
used was 70 eV, coupled with an ionizing current 
of 0.2 mA. Mass chromatograms of peracetyl- 
methylmono-o-methylgalactosides were obtained 
at m/e 71 (4-mono-o-methyl-), 116 (2-mono-o- 
methyl-), 232 (3-mono-o-methyl-), 289 (6-mono-o- 
methyl-) and 303 (A, fragment for all monometh- 
yls) [19]. 


NMR measurement 

Approx. 1 mg of acylglycosylceramide was 
treated three times with 0.5 ml C?HCI,/ 
C*H,07H (2:1 by v/v) and then lyophilized. 
Proton NMR spectra of acylglycosylceramide, dis- 
solved in 0.6 ml C*HCI,/C*H,07H (2:1, v/v) 
were obtained on a Brucker AM-400-WB spec- 
trometer, operating in the Fourier transform mode. 
The spectral width was 4 kHz. The operation was 
performed at 27°C. Chemical shifts (6) are ex- 
pressed in ppm downfield from internal reference 
of tetramethylsilane (6=0.000 ppm) but were 
measured by reference to the residual proton sig- 
nal from C*HC1, (8 = 7.487 ppm). 


Results 


Isolation of acylglycosylceramide from rat brain 

Acylglycosylceramide largely free from other 
lipids were obtained by developing a Florisil col- 
umn with CHCI,/CH,OH mixtures (Fig. 1). In 
order to eliminate the small amounts of the con- 
taminating ceramides, the pooled acylglycosylcer- 
amide fractions (96-4; 94-6) were purified by 
further preparative TLC using CHC1,/CH,0H/ 
H,O (40:10: 1, v/v) as solvent system. 

The TLC pattern of acylglycosylceramide re- 
veals the presence of three homogeneous bands 
named I, II, III, in order of decreasing Rẹ values; 
orcinol staining indicates that each contains hexose 
sugars. 

After saponification with mild alkaline reagent, 
acylglycosylceramides are converted into DS 
sides and free fatty acids, suggesting the presence 
of ester-linked fatty acids in those lipids. 


Composition analysis 
Composition analysis has been performed only 





; 1 2 3 4 5 6 7 
Fig. 1. Separation of total rat brain lipids on a Florisil column. 
Eluting solvents: (1) CHC1,; (2) CHC1, /CH,0H (97.3, v/v); 
(3) CHC], /CH,0OH (96:4, v/v); (4) CHCI,/CH,0H (94:6 
v/v); (5) CHOH; (6) ceramide; (7) cerebroside. 
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on acylglycosylceramides II and III. Acylglyco- TABLE I 

sylceramide I is characterized by an Ry value COMPOSITION OF ESTER-LINKED AND AMIDE- 
similar to that of ceramides, so further purifica- LINKED FATTY ACIDS OF ACYLGALACTOSYL- 
tion of this fraction will be necessary before com- CERAMIDE IT AND IH 

positional analysis 1s possible. Values are expressed as percent distributions. 

GLC of the trimethylsilylated methylglycosides Se ee ee ee 
formed from the carbohydrate portion of acylgly- Fatty acids Ester-linked acids Amide-linked acids 
cosylceramides II and III has established that II HI II Il 
galactose is the unique sugar component. Table I 14:0 13 1.2 20 256 
gives the fatty acid distribution of isolated acylgly- 15:0 0.4 0.5 0.4 06 
cosylceramides II and III. The ester-linked fatty 16:0 30.0 29.7 247 270 
acids were liberated by saponification, while the pe a ee oe Bay 
amide-linked fatty acid composition was achieved 18-1 128 73.6 11 18.1 
after methanolysis of the deacylated acylglycosyl- 20:0 0.8 6.8 11.0 106 
ceramide. It is worth noting that the ester-linked 20 1 0.3 3.0 27 5.3 
fatty acids are short and unsaturated, while 20:4(n — 6) 73 2.8 = = 
amide-linked fatty acids are longer. Moreover, a A oF a 
composition analysis of both ester and amide- 24-0 06 10 07 05 
linked fatty acids was achieved by GLC-MS as 94:1 03 08 0.5 044 


described under experimental procedures. No hy- 
droxy fatty acids were found in ester-linked fatty 


acids after saponification of either acylglycosylcer- ously saponified acylglycosylceramides II and HI. 
amide II or III. On the other hand, hydroxy fatty The unique hydroxy fatty acid encountered in 
acids are liberated by acid hydrolysis of the previ- acylglycosyiceramide II is an w-hydroxystearic acid 





40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 


45 185 199 213 227 283 328 











40 60 80 100 120 140 160 180 200 “| | 260 280 À 320 
45 59 85 225 239 253 R 299 313 


Fig. 2 Mass spectrometry of (a) w-hydroxystearıc acid in acylgalactosylceramide II; (b) a-w-dihydroxystearic acid ın acylgalactosyl- 
ceramide ITI. 
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(18-OH-18:0), but acylglycosylceramide II is 
characterized by a minute amount of this 18-OH- 
18:0 (18-OH-18:0/18:0 = 0.186). The presence of 
w-hydroxystearic acid is attested on the basis of a 
molecular ion at m/e 328, peaks at m/e 283 
(M — 45)*, 227, 213, 199 and 185. On the other 
hand, the carboxy part of the molecule gives rise 
to characteristic peaks at m/e 74 and 87 (Fig. 2a 
and Fig. 3a). 

GLC-MS analysis of hydroxy fatty acids from 
acylglycosylceramide III reveals the presence of an 
a,w dihydroxy fatty acid identified as an a,w-di- 
hydroxystearic acid (2,18-OH.-18:0). Acylglyco- 
sylceramide III is very rich in this fatty acid 
(2,18-OH,-18:0/ 18:0 = 0.698), The a,w-dihy- 
droxy fatty acid was demonstrated by the produc- 
tion of peaks at m/e 313 (M — 45)*, 229, 285 
(Fig. 2b). The hydroxyl group in position a was 
demonstrated by comparison with a a-hydroxy- 
stearic acid by peaks at m/e 41, 44; 55, 57; 63, 
71; 83, 85; 97, 99; 111, 113. The hydroxyl group in 


‘o— ais CH; CHS CH, CH, CH; CH5 CH, CH5 CH, CH; CH, CH, CH; CH; CH; CHX OCH 


Se UCU 


a 
Mt '.328 
Xe CH 
3 CH3 CHS CH; CHS CH3 CH3 CH 
OCH 
+* 
Mt 358 0, 
Mt '.326 


CHOH 


Z 
OCH 


position w was demonstrated by a peak at m/e 
45. Moreover, the loss of 1 mol methanol (Fig. 3b) 
from the a-methonyl group gives characteristic 
ions at m/e 281, 253, 239, 225. On GC chromato- 
grams, the a,w-dihydroxy fatty acid is detected 9 
min after the stearic fatty acid under experimental 
procedures described above. 

The presence of a hydroxy fatty acid in the 
molecule of acylglycosylceramide is of particular 
importance and represents a potential ester lin- 
kage. 


Methylation analysis 

Previous investigations [4,11] indicated that the 
linkage position of the additional acyl group in 
the acylglycosylceramide can be situated either on 
galactose moieties, or on a hydroxy fatty acid 
linked to the sphingosine. 

The position of the esterifing fatty acid was 
investigated by GLC-MS as described under 
Materials and Methods. 


45 


gCHs CHS CH5 CHS CH5CH5CH5CH5CH,OCH 
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Fig. 3. Fragmentation diagram of (a) w-hydroxystearic acid in acylgalactosyiceramide I]; (b) a,w-dihydroxystearic acid in 


acylgalactosylceramide III. 


GLC-MS analysis (Fig. 4) of partially methyl- 
ated methylglycosides produced by the different 
acylglycosylceramides reveals the presence of a 
mixture of monomethyltni-O-acetylmethy! galacto- 
sides. In a chromatogram based on total ionizing 
current, some peaks have the retention time of the 
monomethyl sugar. With a specific ion m/e 303 
current, only monomethyl galactosides appear and 
they have the heterogenous population distribu- 
tion indicated in Table II. 

The identification of monomethyl galactoside 
was performed according to Fournet [19]. The 
cerebroside esters are a mixture of 2-O-; 3-0O-, 
4-O- and 6-O-acylgalactosylceramide, which corre- 
spond to about 71% of fraction II and 35% of 
fraction III. The rest of the population consists of 
cerebroside esters in which the fatty acids are 





480 500 520 540 566 580 600 


Fig. 4. GLC-MS analysis of partially methylated methyl glyco- 
side: m/e 303 and total ionizing current (a) Acylglycosyl- 
ceramide III. (b) Acylglycosylceramide II. 
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TABLE H 


PERCENT DISTRIBUTION OF MONOMETHYL- 
GALACTOSIDE ACETATE OBTAINED AFTER PER- 
METHYLATION, METHANOLYSIS AND PERACETYLA- 
TION FROM ACYLGALACTOSYLCERAMIDE IT AND 
HI 


Position of substituent Acylgalactosylceramide 
methyl acetyl II HI 

2 3,4,6 40.0 193 

3 2,4,6 17.4 307 

4 2,3,6 260 39.7 

6 2,3,4 16.6 19.3 


presumably linked to the w-hydroxy fatty acid. 

All the above results show that the additional 
fatty acid can esterify the galactose residue or the 
hydroxy fatty acid linked to the sphingosine. 

The finding that the majority of acylglycosyl- 
ceramide III was not an O-acylgalactosylceramide 
suggested the possibility that this lipid might be a 
galactosyl N-(w-O-acyl)ceramide and raised ques- 
tions about the nature of the acyl linkage. 


NMR analysis 

To determine whether the additional fatty acid 
was associated with the hydroxy fatty acid on the 
long-chain base, the NMR spectra of the different 
acylglycosylceramides were analysed. 

The whole NMR spectrum is presented in Fig. 
5; acylglycosylceramides III, II and II saponified. 

The hydroxyl and the amide protons were deut- 
erated by exchange with C?HCI,-C*H,O7H and 
assignment of all peaks is effected as previously 
described [11,20]. 

The heterogeneity in composition of both acyl- 
glycosylceramides II and III revealed previously 
by GLC-MS analysis is confirmed by NMR spec- 
trum analysis. The acylglycosylceramide II frac- 
tion is characterized by a major H, peak which 
appears at 4.404 ppm, indicating the existence of 
an esterified galactose in the molecule. Saponifica- 
tion of acylglycosylceramide II induces a down- 
field shift of the sugar anomeric proton and the 
H, peak moves to 4.218 ppm. This H, peak at 
4.218 ppm can be detected in native acylglycosyl- 
ceramide II to a small extent. In acylglycosylcer- 
amide IJJ, the major H, peak appears at 4.218 
ppm, corresponding to an unesterified galactose 
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residue. Unfortunately, in the NMR spectrum of 
acylglycosylceramide HI, the water peak (4.400 
ppm) overlaps the H, doublet in less concentrated 
samples. Moreover, the acylglycosylceramide HI 
spectrum is also characterized by a chemical shift 
value of 3.952 ppm, which is close to that reported 
for a methylene group bearing an esterified hy- 
droxyl group and indicating esterification at the 
w-OH position between linoleic and w-hydroxytri- 
acontanoic acids [11]. All these results (Table HI) 
indicate that native acylglycosylceramide II char- 
acterized by a major peak at 4.404 ppm and two 
minor peaks at 4.218 ppm and 3.952 ppm mostly 
is represented by O-acylgalactosylceramides where 
the galactose residue is esterified (71%). On the 
other hand, native acylglycosylceramide JII dis- 
plays two major peaks at 4.218 ppm and 3.952 
ppm, testifying to a high percentage (65%) of 
esterified hydroxy fatty acids as encountered in 
galactosyl( N-w-O-acyl)ceramides. 

These results are also supported by the fact that 


(CH), 





wu FA 


(CH, 


Fig 5 400 MHz proton magnetic resonance 
spectrum of the acylgalactosylceramide from 
rat brain. (1) Acylglycosylceramide III (2) 
Acylglycosylceramide IT. (3) Acylglycosyl- 
ceramide II saponified. 


TABLE HI 


CHEMICAL SHIFTS (IN ppm) AND COUPLING CON- 
STANTS (IN Hz) 


H, of Gal CH, of ceramide 
Acylgalactosylcer- 4,237 ppm 3,952 ppm 
amide III (0.5 mg) J = 7,26 Hz J = 5 70 Hz 
Acylgalactosylcer- 4.404 ppm ~ 
amide II (1 0 mg) J = 8.00 Hz _ 
Variation * 4.297 ppm — 

J = 5.70 Hz _ 

4,284 ppm ~ 

J = 7.42 Hz - 

4241 ppm ~ 

J = 6.85 Hz — 
Acylgalactosylcer- 4.218 ppm — 
amide saponified J = 7,32 Hz - 

(<1 mg) 


a Variation of H, chemical shift with position of fatty acid on 
galactose (minor peaks). 


acylglycosylceramide II contains less w-hydroxy 
fatty acids than acylglycosylceramide III. 


Discussion 


The present study demonstrates that acylga- 
lactosyl ceramides of rat brain are resolved into 
three distinct) galactolipids, and concentrates on 
the structure of the more polar lipids (i.e., acylgly- 
cosylceramides II and IIT). 

Compositional analyses of acylglycosylcer- 
amides II and III are mostly similar when focus- 
ing on the identity of the monosaccharide or on 
the composition of the amide- or ester-linked 
non-hydroxy fatty acids. The main difference be- 
tween the two acylglycosylceramides lies in the 
presence of hydroxy fatty acids that are linked to 
the sphingosine. The less polar acylglycosylcer- 
amide II contains only a minute amount of w-hy- 
droxy fatty acid, while the more polar acylglyco- 
sylceramide III is very rich in an a,w-dihydoxy 
fatty acid. This characteristic feature of acylglyco- 
sylceramide III is in complete agreement with the 
high polarity of the lipid. It may also be noted 
that rat acylcerebrosides are complex mixture of 
2-O-acyl-, 3-O-acyl-, 4-O-acyl- and 6-O-acylga- 
lactosylceramides, but also contain galactosyl-N- 
(w-O-acyl)ceramides, where a fatty acid is esteri- 
fied to the w-hydroxyl group of the fatty acid 
linked to the sphingosine. The existence of gluco- 
syl-N-( w-O-acyl)ceramide was reported previously 
for animal epidermis but nowhere else [11]. We 
report here evidence of the presence of galactosyl 
N-(w-O-acyl)ceramide in rat brain. 

On the basis of GLC-MS analysis, it seems that 
acylglycosylceramide III is mostly composed of 
galactosyl-N — (w-O-acyl)ceramide, while the 
major component of acylglycosylceramide II is a 
2-O-acylgalactosylceramide. Thus, the acylglyco- 
sylceramides of rat brain are remarkable when 
compared to other mammalian acylglycosylcer- 
amides which contain 6-O-acylgalactosylceramide 
as their major component [2,4,5]. Moreover, rat 
brain acylglycosylceramide is very different from 
those described in the various types of epidermis 
{8,10—13]. Their osidic and ceramide moieties are 
very different. 

In both acylglycosylceramides, the ester-linked 
fatty acids proved to be mainly short and rather 
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unsaturated, with high percentages of stearic and 
oleic acid. The amide-linked fatty acids were shown 
to consist of long-chain fatty acids (Co), and of 
18-OH-18:0 or 2,18-OH,-18:0 as the hydroxy fatty 
acid, So it is quite clear (Table I) that in galactosyl 
N-(w-O-acyl)ceramides of rat brain, acyl fatty 
acids linked to the sphingosine are not linoleoyl- 
triacontanoic acids, as encountered in rat [8,12,13] 
or pig [10,11] epidermis. 

It has been proposed that acylglycosylcer- 
amides may serve as transmembranal elements, 
and as such stabilize the lipid bilayers [21]. Within 
the context of this hypothesis, acylglycosylcer- 
amide II of rat brain could have a function in the 
stabilization of myelin structures. We are cur- 
rently measuring the occurrence of acylglycosyl- 
ceramide in purified myelin. 
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Role of a-glucosidase in fetal lung maturation 
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The role of lysosomal enzyme acid a-glucosidase in fetal lung development was investigated with the aid of a 
specific inhibitor, the pseudosaccharide acarbose. The drug was added to a Waymouth culture medium of 
fetal rat lung explants cultivated for 48 h from gestational stage 19.5 days, an in vitro system previvusly 
shown to allow morphological and biochemical maturation of alveolar epithelium. Glycogenolysis was 
reduced by 40% as compared with tissue cultivated on control medium, which means that a-glucosidase could 
account for as much as 40% of fetal lung glycogenolysis, the remaining 60% being presumably achieved by 
cytosolic phosphorylase and by a microsomal neutral a-glucosidase. By the same time, the increase of 
phospholipids of surfactant fraction extracted from cultivated explants was partially inhibited: total and 
saturated phosphatidylcholine, phosphatidylethanolamine, phosphatidylglycerol and phosphatidylinositol were 
about 30-40% lower than in lungs cultivated on control medium. It should be emphasized that DNA 
concentration and increases in non-surfactant phospholipids were unchanged by the drug. a-Glucosidase 
activity was evidenced in the lysosomal fraction, in the microsomal fraction and, although in lower amounts, 
in the surfactant fraction extracted from term fetal lung. The results suggest that lysosomal a-glucosidase 
plays a major role in lung maturation and could facilitate glycogenolysis for the specific use of glycogen 
stores in providing substrates for surfactant phospholipid biosynthesis. 


Introduction fetal rat lung [4,7] and its implication in matura- 


tional processes had been demonstrated [4]. How- 


Glycogen stored in fetal lung at earlier stages is 
utilized at the time when surfactant biosynthesis 
surges [1-4]. A precursor-product relationship be- 
tween glycogen and lung lipids, more especially 
surfactant phospholipids, has been evidenced [5,6] 
and as much as 25% of glycogen stores could be 
used for providing carbon for the glycerol and 
fatty acid backbone during lipid synthesis by the 
maturing lung [6]. 

The lysosomal enzyme, acid a-glucosidase or 
amyloglucosidase, had previously been found in 
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ever, the precise function of this enzyme in the 
developing lung and the respective roles of acid 
a-glucosidase and phosphorylase tn lung glycogen 
breakdown remained unknown. The use of 
acarbose (BAY g 5421), an inhibitor of acid a-glu- 
cosidase which reproduces in rats a syndrome 
similar to type II glycogenosis [8,9], facilitates 
investigation of these questions. Because of the 
limited availability of acarbose, its effects on lung 
development were studied in vitro on rat fetal lung 
organ cultures, a system previously shown to allow 
type II pneumocyte differentiation and surfactant 
accumulation in various species [10—13]. 
Consequences of acarbose treatment were 
studied on the glycogenolytic rate and on accumu- 
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lation of phospholipids, both in a surfactant frac- 
tion isolated by Frosolono’s method [14] and in 
residual (non-surfactant) fraction. To analyze fur- 
ther the specificity of acarbose effects, the activity 
of acid a-glucosidase and of glycogen phosphory- 
lase was determined in lung explants at the end of 
the cultivation period. Because of the lysosomal- 
related origin of lamellar bodies [2,15], acid a-glu- 
cosidase activity was sought in the lamellar-body- 
enriched surfactant fraction and was documented 
in subcellular fractions, including purified lyso- 
somes. 

The results presented argue for a proportionally 
important role of acid a-glucosidase in fetal lung 
glycogenolysis and for a specific role in glycogen 
utilization for surfactant-phospholipid biosynthe- 
Sis. 


Material and Methods 


Explant culture preparation 

Wistar rats obtained from Centre d’Elevage R. 
Janvier (St. Berthevin, Mayenne, France), were 
mated overnight and pregnancies were dated as 
described previously [4]. 

On day 19.5 of gestation, the stage when glyco- 
gen- accumulation is maximum [3,4], rats were 
killed by a blow to the head, and fetuses rapidly 
delivered by cesarean section under aseptic condi- 
tions. Fetal lungs were immediately removed and 
pooled in ice-chilled Waymouth MB752/1 
medium. Four or five litters were pooled for each 
culture experiment. Fetal lungs were then cut into 
0.7 mm edge pieces with aid of a MclIllwain tissue 
chopper (Mickle Lab. Eng. Co., Gomshall, U.K.). 
They were again transferred to ice-chilled medium 
until being plated on top of a semi-solid culture 
medium according to the method described for 
allowing optimal conditions for surfactant bio- 
synthesis in vitro [16]. In brief, 3 vols. of 
Waymouth medium (Eurobio, Paris, France) con- 
taining 250 [U/ml penicillin and 10 ng/ml strep- 
tomycin were mixed with 1 vol. of heated agar 
solution (2% agar in Krebs-Ringer bicarbonate 
solution). When still warm, the mix was dispensed 
to Lindbro (Flow Laboratories Inc., Hamden, CT) 
multi-well plates and allowed to gel. Waymouth 
medium was chosen because it allows a glycogeno- 
lytic rate in vitro close to that in vivo (see Results). 


Acarbose was added to the culture medium at a 
final concentration of 1 mg/ml. Osmolarity was 
adjusted in the control medium by addition of 
0.25 mg of glucose per ml, since the molecular 
weight of acarbose is approx. 4-fold that of glu- 
cose (this represented a 5% increase in glucose 
concentration). In a few experiments, the biologi- 
cally inert mannitol was added in place of glucose; 
no difference was observed in glycogen break- 
down or in phospholipid synthesis. At the end of 
culture initiation, remaining explants were frozen 
and kept for determination of initial state parame- 
ters. i 
Explants were cultivated for 48 h under 76% 
N,,/19% O,/5% CO, (Air Liquide Co, Vitry, 
France) at 37°C. They were then harvested and 
frozen in liquid nitrogen, and stored at —25°C 
pending biochemical analysis. Explants were taken 
at random in a same culture experiment for de- 
termining either glycogen or phospholipids. 
Culture media were provided by Eurobio (Paris, 
France). Agar, glucose and mannitol were 
purchased from Sigma (St. Louis, MO). Acarbose 
was a gift of Dr. Puls (Bayer, Leverkusen, F.R.G.). 


Subcellular fractionation techniques 

The surfactant fraction was isolated by discon- 
tinuous sucrose density gradient centrifugations 
by the method initially described by Frosolono et 
al. [14], revised by Sanders and Longmore [17] and 
adapted to small-size biological samples [18]. The 
surfactant fraction was isolated from cultivated 
lung explants for phospholipid analyses and from 
the lung of 21.5-day-old fetuses for determination 
of acid a-glucosidase activity. Lysosomes were 
purified from the lung of 21.5-day-old fetuses 
according to Hook and Gilmore [19]. Mitochondria 
and microsomes were isolated according to Hard- 
ing et al. [20]. 


Biochemical analyses 

Glycogen was assayed on lung tissue homo- 
genate by the amyloglucosidase method of Chan 
and Exton [21] using oyster glycogen (Sigma) as a 
standard and the GOD-Perid kit of: Boehringer 
(Mannheim, F.R.G.) for glucose determination. 

Lipids were extracted overnight from surfactant 
and residual fractions using the method’ of Bligh 
and Dyer [22]. “C-labelled dipalmitoylphos- 


phatidylcholine (Amersham International, Les 
Ulis, France) was added in trace amount to de- 
termine recovery after processing. After drying 
and resolubilization in chloroform/ methanol 
(2:1, v/v), an aliquot was taken for total phos- 
pholipid determination, and the rest was plated on 
silica-gel-60 precoated plates (Merck, Darmstadt, 
F.R.G.) for phospholipids separation by two-di- 
mensional thin-layer chromatography as previ- 
ously described [5]. Phospholipid spots were 
scraped and eluted by the method of Bligh and 
Dyer [22]. Total phosphatidylcholine (PC) was 
divided into three aliquots for determination of 
phosphorus, radioactivity and disaturated PC by 
the osmium tetroxide method of Mason et al. [23]. 
Inorganic phosphate was determined on ashed 
phospholipid samples by the method of Ames and 
Dubin [24]. 

Acid amyloglucosidase (P-nitrophenylglucosi- 
dase, EC 3.2.1.20) activity was assayed according 
to Torres and Olavarria [25] by determining the 
speed of P-nitrophenyl a-glucoside (Sigma) hy- 
drolysis at pH 4.8. This pH has been shown to be 
optimal for the purified hepatic enzyme [25]. p- 
Nitrophenylglucosidase activity was also de- 
termined in lung homogenates at pH 7.4. The 
reactive mix comprised 5 mM _ P-nitrophenyl- 
glucoside, 0.06% Triton X-100 and lung homo- 
genate in distilled water, with the appropriate 
acetate or phosphate buffer, pH 4.8 or 7.4, respec- 
tively. Phosphorylase a activity (EC 2.4.1.1) was 
assayed by the method of Hue et al. [26], measur- 
ing the release of inorganic phosphate from glu- 
cose 1-phosphate. Proteins were determined by the 
method of Schacterle and Pollack [27] using bovine 
serum albumin (fraction V, Sigma) as a standard. 
DNA was assayed by the diphenylamine method 
of Burton [28] using calf thymus DNA (Sigma as a 
reference, 


Statistical analyses 

Mean + S.E. values are presented throughout 
the report. Differences between mean values of 
culture-experiment series were analyzed for statis- 
tical significance using the unpaired Student’s t- 
test. 
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Results 


Acid a-glucosidase activity at different acarbose 
concentrations 

a-Glucosidase activity was assayed in total lung 
homogenates of 21.5-day-old fetuses, in the pres- 
ence of acarbose at a final concentration varying 
from 107° to 5 mg per ml reactive mix, at pH 4.8 
and 7.4, p-Nitrophenyl a-glucoside hydrolytic ac- 
tivity measured at pH 7.4 in absence of acarbose 
was about 1.5-times higher than that determined 
at pH 4.8 (63.5 vs. 39.5 nmol/mg protein per h in 
homogenates used for this study). At pH 4.8, 
acarbose exerted a significant inhibition already at 
a concentration of 107? mg/ml; The percentage 
of inhibition increased slightly until 107? mg/ml, 
then increased abruptly to reach total inhibition 
between 10~? and 107! mg/ml (Fig. 1). By con- 
trast, acarbose exerted low inhibition on the activ- 
ity measured at pH 7.4; no inhibition was detected 
below 107? mg/ml and it was only about 50% at 
5 mg/ml. Obviously, the activities determined at 
pH 4.8 and 7.4 must correspond to distinct 
enzymes, presumably to the so-called ‘acid’ (lyso- 
somal) and ‘neutral’ (microsomal) glucosidases 
previously evidenced in liver [25]. Effects of 
acarbose in culture experiments reported below (1 
mg/ml culture medium) appear therefore as con- 
sequences of the inhibition of the acid form of the 
enzyme. 


Percent of inhibition 
100 


= pH4 8 


a pH7 4 
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Fig. 1. Serm log plot of a-glucosidase ( p-nitrophenyl a-gluco- 
sidase) inhibition by acarbose at various concentrations in 
reactive mix Assay conditions were as stated in Material and 
Methods. Lungs of 21.5-day-old fetuses were used The enzyme 
activity determined at pH 48 was about 1000-times more 
sensitive to acarbose inhibition than that determined at pH 7.4. 
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Choice of culture medium 

In a preliminary set of experiments, glycogeno- 
lytic rate in-vitro was determined in five different 
commercial media (Waymouth MB 752/1, 
Dulbecco’s modified minimum essential medium, 
CMRL 1066, Ham’s F12K and RPMI 1640). Re- 
sults are reported in Fig. 2. It should be recalled 
that the glycogen concentration in fetal rat lung 
peaks at 19.5 days, decreases slightly between this 
stage and 20.5 days, then sharply thereafter [3,4]. 
Ideally, a culture condition would reproduce that 
glycogenolytic rate occurring in vivo. In fact, gly- 
cogenolysis was faster in vitro than in vivo with all 
media. Waymouth medium was the one allowing 
the slowest glycogenolytic rate, the least different 
from the in vivo rate. Since Waymouth medium 
was shown in previous experiments [16] to support 
an in vitro accretion of surfactant phospholipids 
of the same order as that occurring in vivo during 
the same period, it was chosen for studying the 
effects of acarbose. 


DNA ın cultivated explants (Table I) 

DNA concentration did not change signifi- 
cantly during culture, either in presence or ab- 
sence of acarbose. This was in keeping with previ- 
ous observations [16]. 


pg Glycogen/mg tissue 
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| 
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Oh 24h 48h 


Fig. 2. Glycogenolytic rate in lung explants from 19 5-day-old 
rat fetuses cultivated for 48 h on five different culture media. 
The closest rate to that occurring ın vivo (21.5 d) was observed 
with Waymouth medium. (Mean+SE on six culture experi- 
ments.) 


TABLE I 


DNA AND GLYCOGEN CONTENT OF FETAL LUNG 
EXPLANTS CULTIVATED FOR 48 h ON CONTROL 
WAYMOUTH MEDIUM OR IN PRESENCE OF 1 mg/ml 
ACARBOSE 


Mean + S$ E. on the number of culture experiments indicated in 
brackets. 


DNA (n=10) Glycogen (n = 8) 
(ug/meg tissue) (ug/mg tissue) 
Initial (19.5 d) 7.0+0.2 25.7+1.0 
Final (48 h of culture) 
Control medium 7.2+0.5 9.7+0.6 
Acarbose 7.2+0.3 15.9+0.4 ° 


® Significant difference with control medium for P < 0.001 


Effects of acarbose upon glycogenolysis in vitro (Ta- 
ble I) 

About 62% of the initial glycogen content of 
the explants was broken down during the 48 h of 
cultivation in control medium. In presence of 
acarbose, glycogenolysis was partly prevented, and 
only 38% of initial glycogen were utilized on the 
average. This effect was constant in the eight 
culture experiments performed, with very low de- 
viation from the mean value. In other words, 
acarbose induced a 40% inhibition of glycogenoly- 
sis. 


Effects of acarbose on phospholipids in surfactant 
and residual fractions 

Table II describes changes which occurred in 
surfactant fraction phospholipids in culture, in 
control medium and in the presence of acarbose. 
Phospholipids of the surfactant fraction consider- 
ably increased in vitro, reaching about 10-times 
the initial level. The major phospholipid compo- 
nents (PC, disaturated PC, phosphatidylethanol- 
amine, phosphatidylinositol and phosphatidyl- 
glycerol) increased in the same proportion as total 
phospholipids. Sphingomyelin and phosphati- 
dylserine increased in lesser proportion, while 
lysoPC exhibited little change. 

In presence of acarbose, the level achieved for 
total phospholipids, PC, disaturated PC and phos- 
phatidylethanolamine was about 30% lower than 
in control medium. For phosphatidylinositol it 
was 35% lower and for phosphatidylglycerol 47% 


TABLE II 


CHANGES OCCURRING IN SURFACTANT FRACTION 
PHOSPHOLIPIDS OF FETAL LUNG EXPLANTS 
CULTIVATED FOR 48 h ON CONTROL WAYMOUTH 
MEDIUM OR IN PRESENCE OF 1 mg/ml ACARBOSE 


Abbreviations: TPL, total phospholipids; PC, total phos- 
phatidylcholine; DSPC, disaturated phosphatidylcholine; lyso- 
PC, lysophosphatidylcholine; PG, phosphatidylglycerol; PI, 
phosphatidylinositol; PE, phosphatidylethanolamine; PS, 
phosphatidylserine; Sm, sphingomyelin. Mean-+SE on ten 
culture experiments Unit, nmol P, per mg tissue. 





Initial Control ' Acarbose 

(19.5 days) medium 
TPL 0.63 +0.07 6.054044 433 +0.29" 
PC 0.35 +0.04 3.914036 2.76 +0.23° 
DSPC 0.25 +0.04 2.644034 1.91 +0.28° 
lysoPC 0.02040.004 0.05+0.01 0.030 +.0.008 
PG 0.01040.004 0.17+0.03 0.09 4001° 
PI 002040.003 0.174003 O11 +0.01° 
PE 005 +0.01 0.634007 0.42 +002% 
PS 0020+0.005 0094001 0.080+0.005 
Sm 003040002 0.104002 0.090+0007 


Significant difference between control medium and acarbose 


for. ° P < 0.005; ? P< 0025; € P < 0.05. 


lower. The concentrations of sphingomyelin, phos- 
phatidylserine and lyso-PC appeared unaffected 
by acarbose. 

Phospholipid concentration in the residual frac- 
tion also increased in cultivated explants, although 
to a lesser extent than in the surfactant fraction 
(Table III). Acarbose did not significantly modify 
changes occurring in the residual fraction total 
phospholipid content or PC content (Table ITI). 
Other specific phospholipids were not determined 
in the residual fraction. 


TABLE IV 
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TABLE HI 


CHANGES OCCURRING IN RESIDUAL FRACTION 
PHOSPHOLIPIDS OF FETAL LUNG EXPLANTS 
CULTIVATED FOR 48 h ON CONTROL WAYMOUTH 
MEDIUM OR IN PRESENCE OF 1 mg/ml ACARBOSE 


Abbreviations as in Table II. Mean+S.E. on ten culture ex- 
periments. Unit = nmol P, per mg tissue. No difference is 


t 


significant between control medium and acarbose 





TPL PC 
Initial (19.5 d) 9.5+0.7 41+0.6 
Final (48 h of culture) 
Control medium 13.2412 5.12405 
Acarbose 11.5413 4.9+08 





Acid a-glucosidase and glycogen phosphorylase ac- 
tivities in explants 

Both enzyme activities were determined in ex- 
plants grown for 48 h either on control medium or 
in presence of acarbose 1 mg/ml. Acid a-gluco- 
sidase activity was reduced by about 90% by 
acarbose (3.1+0.2 nmol/mg protein per h vs. 
29.0 + 0.7 in control explants, P < 0.001). By con- 
trast, no change was detected for phosphorylase 
activity (23.6 + 0.7 nmol P,/mg protein per min 
versus 23.8 + 1.2 in control explants). 


Acid a-glucosidase activity in different subcellular 
fractions (Table IV) 


Acid a-glucosidase activity was found in all 
studied subcellular fractions prepared from 21.5- 
day-old fetal rat lungs. The specific activity of the 
enzyme was the same in the purified lysosomes 
and in the surfactant fraction as in the whole 


SPECIFIC ACTIVITY OF ACID a-GLUCOSIDASE AND PERCENTAGE OF TOTAL ACTIVITY RECOVERED IN VARI- 
OUS SUBCELLULAR FRACTIONS PREPARED FROM THE LUNG OF 21 5-DAY-OLD RAT FETUSES 


Mean +S.E on six individuals. Activity in cell debris and nucle: was subtracted from total activity before calculating the yield ın 


fractions. 
Whole homogenate Lysosomes S fraction Microsomes Mitochondna 
Specific activity 
(nmol/mg protein per h) 37°3+1.0 35.04+22 352+1.9 19.04+0.9 12.54+1.4 
Percent of activity 
recovered 100 7.0+0.5 1.54+0.3 6.3+0.3 1940.1 
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homogenate. It was lower in microsomes and still 
lower in mitochondria. The highest yield was in 
lysosomes and microsomes, although total activity 
was not recovered in subcellular fractions. Surfac- 
tant fraction activity accounted for 1.5% of total 
activity. 


Discussion 


The results reported here show that acarbose, a 
pseudosaccharide which was reported to inhibit 
the lysosomal enzyme acid a-glucosidase [9,29,30], 
inhibited glycogenolysis in fetal lung organ cul- 
tures by 40%. If the inhibition was specific, this 
means that acid a-glucosidase could account for 
no less than 40% of glycogen breakdown in the 
culture conditions which were used. It could even 
account for more, since the enzyme activity was 
probably not totally inhibited in fetal lung ex- 
plants, as indicated by enzyme assays performed 
at the end of culture period. Indeed, a neutral 
microsomal a-glucosidase activity also exists in 
the lung as confirmed by the potent p- 
nitrophenylglucosidase activity evidenced at pH 
7.4, but acarbose exerted a weak inhibiting effect 
on this activity when added to the reaction mix- 
ture, as compared to inhibition at pH 4.8. It was 
therefore probably the acid lysosomal enzyme 
which was primarily inhibited by acarbose in cul- 
ture experiments at the concentration used. In 
addition, previous observations dealing with liver 
glycogen clearly indicated that acarbose slowed 
down degradation of glycogen within the lyso- 
somal compartment, whereas mobilization of ex- 
tra-lysosomal glycogen stores was accelerated [9]. 
It is remarkable that phosphorylase activity in 
lung explants was unchanged by acarbose. Phos- 
phorylase, the activity of which was reported to 
increase in fetal rat lung near term [3,4], and 
possibly the neutral a-glucosidase would therefore 
account for the rest of the glycogenolysis. Taken 
together, these observations argue for the specific- 
ity of acarbose effects, and lysosomal a-gluco- 
sidase appears to play a major role from a quanti- 
tative point of view in lung glycogenolysis during 
lung maturation. 

By the same time, acarbose inhibited the in- 
crease in surfactant phospholipids occurring in 
lung explants. This is consistent with the previ- 


ously reported [5,6] utilization of glycogen stores 
as a precursor pool for biosynthesis of phospholi- 
pids in developing lung. It seems likely that 
surfactant phospholipid synthesis was decreased 
because of decreased availability of substrates re- 
sulting from impaired glycogenolysis. Neverthe- 
less, other mechanisms could also be involved. 
Geddes and Taylor [9] indicated that acarbose 
somewhat decreased acid phosphatase activity in 
the liver. Taking into account the importance of 
protein phosphorylation in cell metabolism, this 
might influence lung maturational processes. The 
absence of change in the phosphorylase activity, 
however, argues against this assumption, since 
protein phosphatase activities are directly involved 
in regulatory processes of glycogen metabolism 
through the phosphorolytic pathway. The absence 
of significant changes in in vitro biosynthesis of 
non-surfactant phospholipids also argues against 
this mechanism and suggests that glycogen utiliza- 
tion mediated by a-glucosidase is specific to 
surfactant-phospholipid biosynthesis. The much 
higher rate of surfactant increase in vitro might, 
however, have apparently increased the inhibitory 
effect as compared with the residual fraction. 

It should be underlined that the glucose in the 
culture medium, despite its high concentration (5 
mg/ml) did not appear to compensate the deficit 
of glycogenolysis. This may appear surprising, 
since a-glucosidase releases free glucose, which as 
that taken up from medium, must first be phos- 
phorylated to be metabolized further. This prefer- 
ential use of glucose from glycogen had already 
been evidenced in culture experiments in which 
glycogenolysis had been prevented by high glucose 
concentration and insulin in the medium [5]. There 
is at present no explanation of this phenomenon, 
but compartmentalization of glucose inside the 
type II pneumonocyte is possible assuming that 
glucose issued from glycogen hydrolysis belongs to 
a pool different from that of glucose from the 
medium. From a teleological point of view, this 
could correspond to the necessity of access to a 
large precursor pool represented by glycogen stores 
inside the cell at a stage when the developing 
pneumonocyte is separated from capillary vessels 
by several layers of mesenchymal cells [31], a 
situation which could limit the accessibility to 
circulating substrates. In addition, it has been 


shown that from the 19th to the 21st day of 
gestation, i.e., at the stages when surfactant is 
accumulating, glucose incorporation into DSPC 
increases at a rate much lower than that of DSPC 
synthesis measured by choline incorporation in 
fetal rat lung slices [32]. Furthermore, exogenous 
glucose appears to be used 3—5-times more as an 
energy substrate than as a precursor substrate for 
lipogenesis by fetal rat lung [32]. This argues for a 
need for other precursor substrates, among which 
is glycogen. 

On the whole, as far as the observations above 
can be extended to in vivo processes, one can 
assume that surfactant biosynthesis requires a-glu- 
cosidase action for providing precursors. Phos- 
phorylase-mediated and neutral amylo- 
glucosidase-mediated glycogenolysis could also 
provide precursors, but their alternative function 
would be to provide energy and reduced coen- 
zymes for lipid biosynthesis through glycolysis [3]. 

The involvement of a-glucosidase in providing 
substrates for surfactant biosynthesis and a possi- 
ble different role of phosphorylase are still sug- 
gested. by morphological evidence. Lamellar bod- 
ies, the intracellular form of surfactant, have been 
shown to appear in close spatial relationship with 
glycogen patches in differentiating type II cell [2]. 
In fetal monkeys, glycogen has even been demon- 
strated inside lamellar bodies [33]. This is in keep- 
ing with the probable lysosomal origin of lamellar 
bodies and of their precursors, multivesicular bod- 
ies [2,15,34], with the presence of a-glucosidase 
activity in purified lamellar bodies [19,35] and 
with our finding of a-glucosidase activity in 
surfactant fraction. Other lysosomal enzyme activ- 
ities have also been evidenced in lamellar bodies 
[19,34,35]. Two distinct a-glucosidase activities 
have been identified in human lung lamellar bod- 
ies [35]. It is likely that the activity determined 
here corresponds to the major specific acid a-glu- 
cosidase previously evidenced [35]. Taking into 
account the facts that the proportion of a-gluco- 
sidase activity present in the surfactant fraction is 
low, and that lamellar bodies do not seem to 
possess the complete enzyme equipment necessary 
for phospholipid biosynthesis [36,37], it seems un- 
likely that a major part of glycogen breakdown 
and utilization would occur in the. lamellar bodies 
themselves. However, it should be emphasized that 
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the surfactant fraction derives only from type II 
pneumonocytes, whereas other fractions represent 
all lung cell types. Considering the cellular het- 
erogeneity of lung and the relatively small number 
of type II cells, amyloglucosidase activity in 


surfactant fraction could represent a larger pro- 


portion of total activity in type IT pneumonocytes. 
Although total activity in each subcellular fraction 
was probably not recovered, the highest yield was 
in purified lysosomes and microsomes. This sug- 
gests the probable implication of secondary lyso- 
somes, of endoplasmic reticulum, and possibly of 
multivesicular bodies in a-glucosidase-mediated 
glycogenolysis. A compartmentalization of glyco- 
gen stores depending on their fate therefore ap- 
pears likely, which would explain the above pre- 
sumed existence of different glucose pools. 

In conclusion, the present work suggests that 
lysosomal a-glucosidase plays a major role in lung 
maturation in exploiting of glycogen stores at a 
local level specifically for providing precursor sub- 
strates for surfactant phospholipid biosynthesis. 
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Biochimica et Biophysica Acta: 40 years on 





Professor H.G.K. Westenbrink 


Biochimica et Biophysica Acta, the first truly 
international journal in the field of biochemistry 
and biophysics, and now undoubtedly one of the 
largest, is celebrating its 40th anniversary with this 
issue. 

The journal was founded in 1947 by Professor 
H.G.K. Westenbrink, who remained Managing 
Editor of the journal until 1964. He was succeeded 
by Professor E.C. Slater, who was able to fulfil 
this function until his recent retirement as Chair- 
man of the Board of Managing Editors. Professor 


The photograph of E.C. Slater is reproduced by permission of 
Godfrey Argent, U.K.. photographers. 


Professor E.C. Slater 


Slater was encouraged to write a history of BBA, 
recalling its remarkably rapid growth and some of 
the intricacies involved in the journal's birth and 
early development [1]. 

On the auspicious occasion of the journal's 
40th birthday, the Publisher would lke to take the 
opportunity of thanking all those who have played 
an active role in the journal’s development, and 
looks forward to further stimulating developments 
over subsequent decades. 


(1) Biochimica el Biophysica Acta: The Story of a Riochenucal 
Journal by EC. Slater (1986) Elsevier Science Publishers. 
ISBN 0-444-80769-1: Price Dfl.75.00 
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The role of fixed and mobile buffers in the kinetics of proton movement 


Wolfgang Junge and Stuart McLaughlin 


Abteilung Biophysik, Fachbereich Biologie / Chemie, Unwersitdt Osnabrück, Postfach 4469, D-4500 Osnabruck (F.R.G.) 
and Department of Phystology and Biophysics, Health Sciences Center, State University of New York at Stony Brook, 
Stony Brook, NY 11794 (U.S.A.) 


(Received 14 August 1986) 
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We derive a simple expression for the effective diffusion coefficient of protons in Fick’s second law, D“, 
when both spatially fixed, HF, and mobile, HM, buffers are present. These buffers are present at moderately 
high concentrations ([F'*], [M‘'] > 1 mM) in most biological systems. We consider only the case where the 
protonation reactions remain at equilibrium during the diffusion process. When the pH is to the alkaline side 
of the pK values of the fixed and mobile buffers ((H*] < Kp, Km), the effective diffusion coefficient of 
protons in Ficks second law is: 


Dy [M'*] 
Km 


ig [M] a jr] 
Km Kg 


Dy + 
p“! 5 


where D,, is the diffusion coefficient of the protons free in the aqueous phase and D, is the diffusion 
coefficient of the mobile buffer. The equation illustrates three features of diffusion in a buffered system. 
Firstly, the effective diffusion coefficient of protons is always lower than the diffusion coefficient of free 
protons. Secondly, increasing the concentration of fixed buffers always decreases D. Thirdly, increasing 


the concentration of mobile buffer can increase D“ when fixed buffers are present. 


Introduction 


Spatially fixed buffers decrease the effective 
diffusion coefficient of buffered ions: the effective 
diffusion coefficient in Fick’s second law is D = 
D/(1 + R), where D is the diffusion coefficient of 
the free ions in the aqueous phase and R is the 
ratio of bound-to-free ions (e.g., see page 327 of 
Ref. 1). The high concentration of fixed buffers 
for H* and OH- in biological cells and organelles 


Correspondence. Dr S$. McLaughlin, Department of Physi- 
ology and Biophysics, Health Sciences Center, State University 
of New York at Stony Brook, Stony Brook, NY 11794, USA 


implies that R is large and that buffers should 
affect the kinetics of these ions’ movement. For 
example, Polle and Junge [2] observed very slow 
relaxation of an alkalinization pulse in the narrow 
domain (width, 5 nm) between stacked thylakoid 
membranes; they [3] argued that fixed buffers in 
this narrow domain reduce the diffusion coeffi- 
cient of OH” by a factor of 104-105. 

Mobile buffers, however, can counteract the 
effect of fixed buffers and enhance the effective 
diffusion coefficients of OH~ and H* when both 
types of buffer are present. Biological systems 
usually contain both fixed and mobile buffers. For 
example, the cytoplasm contains mobile buffers 
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such as phosphate (D = 10~° m*/s), the plasma 
and intracellular membranes contain mobile 
buffers such as phosphatidic acid (D=107! 
m’/s), and both the aqueous and membrane phases 
contain fixed buffers such as proteins. We derive 
here a simple expression for the effective diffusion 
coefficient in Fick’s second law when both fixed 
and mobile buffers are present. 

We discuss here only the effect of buffers on 
the kinetics of proton movement. Other investiga- 
tors have clearly discussed how mobile buffers 
enhance the steady-state flux of protons through 
an aqueous unstirred layer adjacent to a mem- 
brane [4] and from a source to a sink in a system 
of enzymes [5]. 


Analysis 


We consider the kinetics of the proton move- 
ment described by Fick’s second law. To simplify 
our analysis we assume the system is homoge- 
neous *, diffusion coefficients are independent of 
position, diffusion occurs in one dimension **, 
activity coefficients are unity, the diffusion of H* 
is electroneutral because there is a high concentra- 
tion of indifferent electrolyte, and the diffusion of 
OH™ may be ignored *** with respect to H*. In 
the absence of buffers, Fick’s second law is: 


aH") _ Du8"(H") 1 
of 3x? a) 
* Our analysis may be extended sımply to some inhomoge- 

neous biological systems. For example, McLaughlin and 
Brown [11] considered the diffusion of an 10n in an 
aqueous space between two membranes when the fixed 
buffer groups are bound to the membranes, and the 
membranes have a net negative charge. The surface con- 
centration of a fixed buffer is divided by the width of the 
aqueous space to convert it into an effective three-dimen- 
sional buffer concentration and the value of the dissocia- 
tion constant ıs divided by the Boltzmann term, 
exp(— zFp(0)/ RT), where z is the valence of the buffered 
ion and (0) is the surface potential, to convert it from an 
intrinsic to an apparent dissociation constant The width 
of the aqueous space must be significantly smaller than 
the diffusion length for this treatment to be valid. 

** When diffusion occurs in more than one dimension, the 
second-order spatial derivatives on the right-hand side of 
Eqns. 1, 2, 7, 10, 14 and 17 are replaced by the Laplacian, 
v*=v-v. 

*** We consider below an approximate expression that in- 

cludes the effect of OH” diffusion (Eqn. 19). 


where D,, is the diffusion coefficient of protons in 
water (D,,~10-® m/s). In the presence of 
buffers, HB, (where B; can be either a fixed, F, or 
mobile, M,, buffer), we express Fick’s second law 
as 


d({H*]+2,[HB]) Dauð’ [H+] %,D,d?[HB,] 
a A 
This equation follows from the conservation of 
mass and Fick’s first law, which states that the 
flux of a solute is proportional to the gradient of 
its concentration. Eqn. 2 states that the rate of 
change in the concentration of free and bound 
protons in an infinitesimal volume is equal to the 
divergence of the flux of these molecules into the 
volume. Note that the time derivative on the left- 
hand side of the equation includes both fixed and 
mobile buffers, but the second-order spatial de- 
rivative ** on the right hand side includes only the. 
mobile buffers, for which D, > 0. 


Fixed buffers 


Single pK 
We first consider the case of one species of 
fixed buffer with a single dissociable group: 


H+ +F e HF 


We assume this protonation reaction is rapid com- 
pared to diffusion and may be considered at equi- 
librium t: 


[H+ ][F" ] = Kp[HF] l (3) 


where K+ is the equilibrium dissociation constant. 
If we define 


[Pm = F FAF] (4) 


t The thickness of the ‘reaction layer’, the distance over which 
the equilibnum described by Eqn. 3 cannot be maintained, 1s 
about 1 nm when the buffer concentration is 0.1 M and 
about 10 nm when the buffer concentration is 0001 M (e.g, 
Delahay [12], see pp. 87-95) Westerhof and Chen [13] have 

. considered the diffusion of protons between a source and a 
sink separated by a distance less than the reaction layer. 


[Fe }fH* ] 


a [H* ]+Kp 


(5) 


To simplify the algebra, we assume [H+] < Kp. In 
other words, we assume the pH is to the alkaline 
side of the.pK. Eqn. 5 reduces now to 


[HE] = 


{F tot JH* ] 
ar a (6) 


We insert Eqn. 6 into Eqn. 2 to obtain 


3?[Ht] Diad {H} ] 

2e] 3 aut (7) 
Or Ox 

where D,, is the effective diffusion coefficient of 

the protons: 


D 
Dia =—=— (8) 
tot 
1+ [E] 
Kp 


This is the case considered by Crank [1], because 
[F'']/K, is the ratio of bound-to-free protons, 
[HF]/[H*], as illustrated by Eqn. 6. For example, 
if we assume that groups with a pK of 6 (Kp = 
1076 M) are present at a concentration of [Ft] = 
107? M on spatially fixed proteins, the effective 
diffusion coefficient is 10*-fold lower than the 
diffusion coefficient of the free protons. Accord- 
ing to the Einstein [6] relation, x? =2Dt, it will 
take a proton ¢=100 s rather than 10 ms to 
diffuse a distance x = 10 sm when the buffer is 
present. 


Multiple pK values 

Consider a more biologically relevant system in 
which the buffers are fixed proteins whose side 
chains have a broad spectrum of pK values. The 
slope of the titration curve, the buffer capacity $, 
i$ 


_ d((H* ]+ 2), [BF]) 


es d(pH) 


(9) 


Inserting Eqn. 9 into Eqn. 2 we obtain 


[H+] a [Ht] 


g Pg 2 





(10) 


2.3[H*] 
H 


Dip = D 
1b B 


(11) 


Eqn. 11 is more general than Eqn. 8. The relation- 
ship between these two equations is illustrated by 
considering the limiting case where the buffers 
have only one dissociable group. The combination 
of Eqns. 5 and 9 yields 

tot 
R=2 au? (1+ Ete (12) 

({H* ]+ Kf) 

If we assume, as before, that [H*]< Kp, then 
combining Eqns. 11 and 12 yields Egn. 8. 


Fixed and mobile buffers 


Single pK 

We first consider the case where fixed and 
mobile buffers are present and each buffer has a 
single dissociable group. Eqn. 5 characterizes the 
fixed buffer and Eqn. 13 describes the mobile 
buffer if, as before, we assume that the reactions 
are essentially at equilibrium: 


H* +M” 2 HM 
7 [M'1H* ] 
[HM] = k. (13) 


where [Mt] = [M7] + [HM]. We assume that the 
PH is to the alkaline side of the pK values of both 
the mobile and fixed buffers, [H*]<K,,, Kp 
and insert Eqns. 5 and 13 into Eqn. 2 to obtain 


d(H* ] 3 [H+] 
er gat (14) 
where 
D Mit 
Dy + HM | ] 
Ku 
g [M or] [Fit ] (15) 
|+—_—~ +. + 
Km Ky 


Note that when [M'*] = [F'"] = 0, Eqns. 14 and 
15 reduce to Eqn. 1 and when [M‘"]=0, they 
reduce to Eqns. 7 and 8. Eqn. 15 illustrates that 
fixed buffers always-decrease the effective diffu- 


4 


sion coefficient, D,,, but mobile buffers can either 
increase or decrease the value of D,,. In the 
absence of fixed buffers, mobile buffers always 
decrease D,,. For example, if [M'"']/K,, > 1, then 
Daa = Dim. The maximum value of Dm is about 
107°? m’/s and is characteristic of a small mole- 
cule such as phosphate or bicarbonate. On the 
other hand, the value of Dy is about 1078 m’/s 
because protons diffuse by the Grotthus mecha- 
nism. 

In the presence of fixed buffers, mobile buffers 
can partially compensate for the decrease in D,, 
caused by the fixed molecules. Consider a numeri- 
cal example: if pH = 7, pK; = pK,, = 6, [F] = 
107? M, [M‘“"]=0, then D,, = D,,/10*. How- 
ever, if [M'*] is 107? M, D,, increases to 
Diy /10 = Dy/10?. 

Eqn. 15 can be simplified under certain condi- 
tions. If pK, = pK, [F] > [M‘'] and 
[F'*]/Kp > 1, then Dy, = (Dym/ PaM] 
[F'"]) Dy. In other words, the effective diffusion 
coefficient is lower than the value in an unbuffered 
aqueous solution, Dy, by a factor Da/Dym = 10 
because protons move mainly in the form of HM 
rather than free ions. It is reduced by a further 
factor [F'*]/[M‘"], which represents either the 
relative concentration of protons bound to fixed 
and mobile buffers or the relative time a single 
proton is bound to fixed and mobile buffers. 


Multiple pK values 

We now consider the case where both the mo- 
bile and fixed buffers have a distribution of pK 
values. We define a total buffer capacity: 


Bit = 2B, (16) 
where £, is defined in analogy with Eqn. 9 for 
both the fixed and mobile buffers. It follows from 
Egn. 2 that 


afH*] _ Da a°[H* ] 


z 52 (17) 
where 
231H*)D, DAB, 
Dy, ae 2 3[H" ] Du $ *,D,B, (18) 


pit p 
Eqn. 18 describes more generally than Eqn. 15 the 


effect of fixed and mobile buffers on the effective 
diffusion coefficient of protons. Both equations 
allow us to draw three conclusions. Firstly, when 
buffers are present, the effective diffusion coeffi- 
cient, D,, in Eqn. 18, is always less than the free 
diffusion coefficient of protons, Dy. Secondly, 
fixed buffers always decrease D,,. Thirdly, mobile 
buffers blunt this decrease; the buffer with the 
largest product D.B, has the largest effect. 

In the stroma of chloroplasts or the matrix of 
mitochondria the pH is alkaline and we expect the 
relaxation of a pH profile to be dominated by 
OH- rather than by H* [3]. Around neutral pH, 
where both H* and OHT contribute to the relaxa- 
tion, the analysis is complicated. However, if we 
assume a high curvature for the initial pH profile, 
i.€., 











a: os eee py 
ax? [H*] dx 


Egn. 18 takes an approximate form: 





4 $ ~14 2 D, ; 
2.3[H L] ponl 22 10 |+ ‚D.B 


eff 
D = Ds pit pit (Ht ] pie! 


(19) 


where Doy denotes the diffusion coefficient of 
free OH- and the other parameters are defined 
above. 


Discussion 


The analysis above is simple, but we cannot 
find a similar quantitative discussion in the litera- 
ture. Other investigators have recognized that mo- 
bile buffers can reduce equilibration times for 
protons when fixed buffers are present. Engasser 
and Horvath [5], for example, discussed this phe- 
nomenon when they considered qualitatively the 
results of Bishop and Richards [7]. These investi- 
gators found that the acid-base titration of crystal- 
line B-lactoglobulin crosslinked with glutaralde- 
hyde took several hours to reach the endpoint, but 
addition of a small amount of acetate to the 
mixture reduced the equilibration time to 2 or 3 
min. Engasser and Horvath [5] concluded that 
“buffer-facilitated proton transport can have pro- 
found significance in reducing the time needed to 
achieve equilibrium when the rate of equilibration 


_ is limited by the diffusion of H* ”. We agree. 


membranes 
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proton flow 


Fig. 1. Diagram illustrating the circulation of protons in 
thylakoids (see Ref 3). 


We consider one biologically relevant example 
of the effect of fixed and mobile buffers on the 
kinetics of proton movement. As illustrated in Fig. 
1, protons cycle between Photosystem II, a light- 
driven proton pump, and ATP synthases in 
thylakoids [3]. The alkaline partition region and 
the acidic lumen both contain high concentrations 
of buffers [3,8—10]. If we assume the pH of the 
partition region is about 8, it is apparent from 
Eqn. 19 that the diffusion of OH™ is about two 
orders of magnitude more important than the 
diffusion of H~ in this region. The buffer capacity 
of the partition region is at least 2- 107? M per 
pH at pH = 8 [3]. It is determined mainly by large 
protein complexes, which we assume have a diffu- 
sion coefficient of D rotem = 107? m/s. We as- 
sume that the pK of inorganic phosphate is 7, its 
diffusion coefficient is D hosphate = 107° m’/s, and 
its concentration in the partition region is 10~? 
M. Eqn. 12 indicates that phosphate contributes 
only about 1% of the total buffer capacity at pH 8. 
That is, B roten = 0.99 BY* and Bohosphate = 9-01 
B'". However, Eqn. 19 illustrates that this con- 
centration of phosphate has a large influence on 
the effective diffusion coefficient: 


D“ = Doy(2.3-1076/2-107*) 
+ D phosphate (0.01) + Dorotei (0.99) 


=10-10743+100-107 +107 m?/s. 


In the absence of phosphate ions the proteins are 
predicted to reduce the effective diffusion coeffi- 
cient by at least four orders of magnitude from 
1078 to 1071 m*/s, because the term multiplying 
Dog in Eqn. 19 is about 0.0001. This prediction 
agrees with the experimental results [3]. The 
addition of 107°? M phosphate to the partition 
region should increase the effective diffusion coef- 
ficient by an order of magnitude even though it 
contributes only 1% to the buffer capacity of this 
region. 
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Evidence for an association between a 33 kDa extrinsic membrane protein, 
manganese and photosynthetic oxygen evolution. 
I. Correlation with the S, multiline EPR signal 


D. Hunziker, D.A. Abramowicz *, R. Damoder ** and G.C. Dismukes 


Princeton University, Department of Chemistry, Princeton, NJ 08544 (U.S A.) 


(Received 20 March 1986) 
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The removal of peripheral membrane proteins of a molecular mass of 17 and 23 kDa by washing of spinach 
Photosystem-II (PS H) membranes in 1 M salt between pH 4.5 and 6.5 produces a minimal loss of the 
S, > S, reaction, as seen by the multiline EPR signal for the S, state of the water-oxidizing complex, while 
reversibly inhibiting O, evolution. The multiline EPR signal simplifies from a ‘19-line’ spectrum to a 
‘16-line’ spectrum, suggestive of partial uncoupling of a cluster of 3 or 4 Mn ions to yield photo-oxidation of 
a binuclear Mn site. Alkaline salt washing progressively releases a 33 kDa peripheral protein between pH 6.5 
and 9.5, in direct parallel with the loss of O, evolution and the S, multiline EPR signal. The 33 kDa protein 
can be partially removed (20%) at pH 8.0 prior to manganese release. Salt treatment releases four Mn ions 
between pH 8.0 and 9.5 with the first 2 or 3 Mn ions released cooperatively. A common binding site is thus 
suggested in agreement with earlier EPR spectroscopic data establishing a tetranuclear Mn site. At least two 
of these Mn ions bind directly at a site in the PS II complex for which photooxidation by the reaction center 
is controlled by the 33 kDa protein. The washing of PS II membranes with 1 M CaCl, to affect the release 
of the 33 kDa protein, while preserving Mn binding to the membrane (Ono, T.-A. and Inoue, Y. (1983) 
FEBS Lett. 164, 255-260), is found to leave some 33 kDa protein undissociated in proportion to the extent 
of O, evolution and S, multiline yield. These depleted membranes do not oxidize water or produce the 
normal S, state without the binding of the 33 kDa protein. A method for the accurate determination of 
relative concentrations of the peripheral membrane proteins using gel electrophoresis is presented. 
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There is keen interest in, yet limited knowledge 
of, the organization of manganese within the com- 
plex responsible for the oxidation of water to O, 
in photosynthetic membranes. Manganese has 
been indirectly implicated as the site for water 
binding and direct observations of oxidation state 
changes have indicated a clear redox function 
(reviewed in Refs. 1 and 2). 

Of the four Mn ions located within the smallest 
protein-membrane complexes capable of high O, 


evolution activity, there is evidence for their 
organization into two distinct types based upon 
their lability to denaturing conditions [3-7]. A 
close arrangement of at least two Mn ions sep- 
arated by a shared ligand is well established [8] 
and this pair shows clear evidence for coupling to 
another paramagnetic center believed to comprise 
one or both of the other Mn ions [9,10,13]. 

Furthermore, there is evidence that two of the 
four ions can be replaced by divalent ions in the 
reactivation of electron donation from exogenous 
donors (but not significant O, evolution) [5,7]. It is 
not yet clear if this pair of cations must also be 
Mn in order to observe optimal O, evolution rates. 
There is some speculation that this labile pair may 
be required for a structural rather than redox 
function. In contrast, electronic spectroscopic data 
have been interpreted as evidence for a redox 
function for all four Mn ions in water oxidation 
[11,12]. Evaluation of these diverse lines of evi- 
dence on the function and organization of 
manganese has been interpreted in favor of a 
model in which the catalytic unit is comprised of 
two pairs of closely interacting Mn ions [9,13]. 

Three extrinsic membrane proteins associated 
with O, evolution can be dissociated from Pho- 
tosystem-II (PS-II) membranes (reviewed in Ref. 
19). Two of these subunits have apparent molecu- 
lar masses of 16-18 kDa and 23-24 kDa and 
participate in the regulation of Cl” affinity, a 
required physiological anion. The 23 kDa protein 
plays a more important role and can be replaced 
by Ca(II) [15-17] and by Cl~ at-a 20-50-fold 
higher concentration than is physiologically opti- 
mal [17,18]. 

The third subunit has a mass of 33 kDa. 
Manganese can be released with this protein de- 
pending upon the conditions used for dissociation 
from the membrane. Alkaline Tris washing re- 
leases this protein and 2 Mn ions from membranes 
initially depleted of the 17- and 23-kDa proteins 
by salt washing [4]. Protein release by osmotic 
shock of membranes [20] or by extraction with 
acetone [3] or butanol [38] results in the partial 
binding of Mn to the protein. Enhanced binding 
of Mn to this protein is favored by inclusion of 
mild chemical oxidants during isolation, which 
apparently suppresses the reduction of Mn/(III). 
The protein binds a maximum of 2 Mn(IID) ions 


under these conditions [3,20]. 

No Mn is released initially from the membrane 
when these three proteins are dissociated by wash- 
ing in 1 M CaCl, [21] or 2.5 M urea [22]. Loss of 
the 33 kDa protein is invariably accompanied by a 
complete loss or significant reduction of O, evolu- 
tion activity, which can be partially reversed upon 
rebinding of the protein [3,23,24,42,43], additional 
Cl~ [22] or Ca?* [25]. These results are at odds 
with the earlier data showing a direct correlation 
between O, evolution activity and the binding of 
the 33 kDa protein and Mn to the PS-II complex. 

A possible answer to this contradiction has 
come in a recent study showing that the Mn 
binding site on PS-II membranes, following re- 
lease of the 33 kDa protein and Ca** by washing 
in 1 mM LaCl,, is structurally altered and not 
capable of photo-oxidation by the reaction center 
[37]. These observations have been interpreted to 
indicate the binding of a relatively labile pair of 
the four Mn ions at the interface between two 
protein domains, involving the amino acid re- 
sidues of the peripheral 33 kDa protein and either 
the 47 kDa intrinsic membrane protein of the 
reaction center [19] or an intrinsic membrane pro- 
tein of 34 kDa [39]. 

In an effort to resolve these seemingly con- 
tradictory results we have titrated the release of 
the three peripheral membrane proteins, and ex- 
amined the release of manganese, the loss of O, 
rate and the loss of the S, multiline EPR signal. 
New insights on how manganese is organized 
within the water-oxidizing complex are revealed. 


Materials and Methods 


PS-II membranes were prepared as described 
previously [26]. They had a steady-state O, evolu- 
tion rate (Clark type electrode) of 340 umol per 
mg Chi per h. Salt-washing treatments were based 
on the original procedure by Kuwabara and 
Murata [4]. PS-IJ membranes retaining specific 
amounts of the extrinsic 33 kDa protein can be 
prepared by salt washing at various pH values. All 
salt-washing buffers contained 1 M NaCl, 0.2 M 
sucrose and an appropriate Good pH buffer. The 
buffers used were: acetate (pH 4.5); Mes (pH 5.5 
and 6.5); Hepes, (pH 7.5); Tricine, (pH 8.0 and 
8.5); and Ches (pH 9.0 and 9.5). All buffers were 
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at a final concentration of 25 mM. PS-II particles 
were incubated in these salt buffers at a Chi 
concentration of 0.5 mg/ml for 30 min on ice 
while shaking. Supernatants and pellets were col- 
lected after centrifugation at 48000 xg for 30 
min. The resultant depleted membranes were pre- 
pared for EPR measurements at a single pH by 
equilibration at pH 6.5 by washing twice in a 
buffer containing 25 mM Mes, 0.2 M sucrose, 10 
mM CaCl, and either 25 or 110 mM NaCl. This 
washing released small quantities of additional 
protein which did not dissociate on the initial salt 
washing. Prior to EPR sample freezing 2 mM 
PPBQ was added as an electron acceptor. 

Dark-adapted EPR samples (> 20 min, 274 K) 
were illuminated with a quartz-halogen lamp (1 
W/cm?) at 200 K in a dry ice/methanol bath for 
3 min to produce the S, multiline EPR signal, or 
at 300 K for 3 min while cooling to 200 K in the 
presence of 50 yM DCMU. Heating of the EPR 
samples during illumination was insignificant at 
less than 3 K temperatures rise as monitored by 
measurements of both the bath and sample. Con- 
trol samples were washed the same way except 
using a non-denaturing sucrose buffer at ph 6.5. 

Proteins released by salt washing were prepared 
for electrophoresis by precipitation in acetone. 
Supernatants were diluted to a final NaCl con- 
centration of 0.5 M and diluted with cold acetone 
to a final concentration of 80%. The solution was 
centrifuged at 48000 x g for 20 min at 2°C or 
with a table top centrifuge for 1 h. The resulting 
pellet was resuspended in an electrophoresis buffer. 
Proteins were electrophorised by the procedure of 
Laemmli in the presence of 4 M urea and 0.2% 
LDS at 4.0°C [33]. 

The amount of the 33 kDa protein remaining 
on the membranes after salt washing can be de- 
termined by its release into the supernatant upon 
heat shock of the depleted membranes [34]. We 
have found this method to be far more reliable 
than estimation of the amount of protein in the 
pellet in cases where overlapping bands cause 
interference, e.g. at 31-34 kDa. For these experi- 
ments the salt-washed membranes that were pre- 
pared for EPR measurements were heat shocked 
at 55°C for 5 min at 1 mg Chi /ml. 

Relative protein concentrations were deter- 
mined by absorbance of Coomassie stained slab 


gel electrophoresis chromatograms with a Hewlett 
Packard 8450 spectrophotometer and a densitome- 
ter of local design. 

EPR spectra were recorded at 11 K as pre- 
viousy described [8]. The intensity of the S, multi- 
line signal was obtained by summing the am- 
plitudes of the peaks labelled — 5, —6, —7, 5, 6, 
and 7 given in Fig. 3 after baseline subtraction. 
This avoids interference with the signals from 


. chrome 6-559 and Q` Fe** which overlap with 


peaks labelled —4/— 3 and 4/3, respectively. 

Manganese was determined by atomic absorp- 
tion using a graphite furnace, Perkin-Elmer model 
305B and HGA-2000 furnace. Error analysis was 
conducted on the manganese and chlorophyll data 
in order to establish the precision of successive 
determinations. The reported values of Mn/RC 
have associated with the standard deviations of 
2% and 4% for Mn and Chl determinations respec- 
tively, for replicate runs of the same sample. Aver- 
aging of data sets from three independent runs 
was performed on the data reported in Fig. 5. The 
average standard deviation from the mean of these 
three sets was 10%. 


Results 


Protein release by salt washing 

Determination of the identity and extent of 
proteins released from PS-II membranes by salt 
washing at different pH values was performed by 
densitometry of Coomassie-stained LDS poly- 
acrylamide gels as summarized in Figs. 1 and 2. In 
Fig. 1, B-I, there is nearly complete release of two 
proteins at M, 17 and 23 kDa upon salt washing 
between pH 6.5 and 9.5, confirming earlier re- 
ports. There is 60% 17 kDa and some 23 kDa 
protein which remains bound at pH 4.5 and these 
decrease at higher pH. Progressively greater re- 
lease of a 33 kDa protein is observed above pH 7. 
Approx. 50% of the 33 kDa band remains after 
salt washing at pH 8.5 and complete loss is ob- 
served at pH 9.5. These are compared to control 
membranes washes in non-denaturing sucrose 
buffer at pH 6.5 (A), and with membranes washed 
in 1 M CaCl, at pH 6.5 (J), a treatment known to 
release all three proteins. Other prominent bands 
associated with the PS-II core proteins at 47, 43, 
34, 32, 24, 21, 20, 10 and 9 kDa and the light 





(H) 


(G) 


(F) 


(Œ) 


(D) 


(C) 


(B) 


(A) 


Fig. 1 LDS-PAGE densitometric traces of proteins remaining 
in PS II membranes following salt washing at various pHs. (A) 
Control, 25 mM NaCl (pH 6.5), (B) 1 M NaCi (pH 45); (C) 1 
M NaCl, (pH 5.5); (D) 1 M NaCl, (pH 6.5), (E) 1 M NaCl, 
(pH 7.5); (F) 1 M NaCl (pH 8.0); (G) 1 M NaCl (pH 8.5); ŒD 
1 M NaCl (pH 90); (D 1 M NaCi (pH 9.5); () 1 M CaCl, 
(pH 6,5) 


harvesting complex at 28--26 are resolved and are 
invariant under these treatments. 

Quantitation of the amount of 33 kDa protein 
bound to the membrane is difficult using the data 


NO 


PANEL 1 
PANEL 2 


7 1 17 
M 
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Fig. 2 Panel 1: LDS-polyacrylamide gel electrophoresis 
densitometric traces of proteins released from membranes by 
salt-washing at various pHs, as in Fig 1. Panel 2. LDS-poly- 
acrylamide gel electrophoresis densitometric traces of proteins 
released by heat shock of salt-washed PS-II membranes from 
Fig. 1. After salt washing, membranes were washed and resus- 
pended twice at pH 65 pror to heat shocking This removed 
the peripheral proteins of 23 and 17 kDa. 


of Fig. 1 due to interference from neighboring 
bands at 32 and 34 kDa. This interference is 
resolved by determination of the relative amounts 
of protein released into the supernatants (as given 
in Fig. 2, panel 1). This confirms that there are 
only three proteins released by NaCl washing, 
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with nearly uniform release of the 17- and 23-kDa 
proteins between pH 6.5 and 9.5, and an increas- 
ing amount of the 33 kDa protein released. The 
residual binding of the 33 kDa protein was as- 
sayed by release upon heat shock of the depleted 
membranes [34]. As shown in Fig. 2, panel 2, there 
is a progressive increase with pH in the release of 
the 33 kDa protein between pH 7 and 9.5. The 
residual 17 and 23 kDa proteins which are bound 
at pH 4.5-6.5 in Figs. 1 and 2 are not observed 
because these are lost during the washing treat- 
ment prior to heat shocking. No significant release 
of the other proteins seen in Fig. 1 was observed 
by these treatments. The fraction of 33 kDa pro- 
tein which remains bound at each pH is plotted in 
Fig. 4. Protein analysis conducted in this manner 
proved to be reproducible, while analysis of the 
depleted membrane was not nearly as reliable. It 
is interesting to note that washing in 1 M CaCl,, a 
treatment which is claimed to quantitatively re- 
lease the 33 kDa protein [22,25] leaves about 1/3 
of this protein on the membrane, as can be seen 
by release using heat shock (Fig. 2). 

The salt-washed depleted membranes were ex- 
amined further to determine the extent of the 
5, > S, reaction from the yield of the manganese 
S, multiline EPR signal, produced by illumination 
at 200 K, as shown in Fig. 3 for a typical control 
sample. In Fig. 4 the yield of this signal following 
salt treatment is compared to the fraction of bound 
33 kDa protein, to the amount of Mn released, as 


NOISE 





2800 3400 4000 
H, Gauss 

Fig 3 EPR spectra recorded in the dark illumination of dark 
adapted PS II membranes at pH 6.5. The multiline signal is 
formed by illummation at 200 K and observed at 11 K. (A) 
Control, prior to salt washing (B) after washing ın 1 M NaCl 
(pH 7.5) buffer A numbering system for peaks 1s shown The 
relative peak-to-noise is 0.04. 


RELATIVE INTENSITY 


(6) MN ATOMS /REACTION CENTER 





45 55 65 75 80 85 90 9.5 
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Fig. 4. Correlation between the loss of 5, multiline EPR signal 
(O), binding the the 33 kDa protein (+) (relative error, 0.04), 
O, evolution (X) [relative error, 007] and the amount of Mn 
per reaction center (@). Associated error of 0.5 atoms Mn 
reaction center in PS-II membranes upon salt washing at 
various pH values. Samples are identical to those ın Figs 1 and 
2. The measurements were conducted on samples adjusted to 
pH 6.5 after treatment. All measurements are relative to the 
control samples washed in sucrose buffer at pH 6.5 without 
salt The protein data are an average of three experiments 
involving quantiation by heat shock as in Fig. 3 The multiline 
intensities and manganese content are the average of two data 
sets Optimum O, evolution rates were assayed at pH 65 and 
235 mM C17/5 mM Cat?, 


determined by atomic absorption of the super- 
natants and to the O, evolution rate. It shows that 
nearly complete release of the 17 and 23 kDa 
proteins by salt washing is accomplished by a 75% 
retention in the yield of the multiline signal rela- 
tive to the control. This loss was smaller for 
incubation times less than 30 min and at higher 
Cl~ concentrations. The decrease of the multiline 
signal parallels the release of the 33 kDa, both 
approachng zero at pH 9.5. On the other hand, 
starting with membranes containing close to the 
minimal Mn content (4-5 Mn/PS II) capable of 
sustaining high activity, there is almost no Mn 
release, except above pH 7.5. At pH 5.5-7.5 there 
is no release of Mn, while at pH 4.5 and 8.0 there 
is less than 0.2-0.3 Mn released per PS-II. 90% of 
the Mn, about 4 Mn/PS II, is released by pH 9.5. 
This contrasts with about 20% release of the 33 
kDa protein with increasing pH between pH 6.5 
and 8.0 where no significant release of Mn occurs. 
This Mn is, however, not photo-oxidized as seen 
by the loss of the multiline signal. At pH 8.5 and 
above the release of Mn and protein parallel each 
other. 


The losses in protein and multiline signal are 
accompanied by a parallel loss in the O, evolution 
rate. Three different Cl~/Ca** concentrations 
were surveyed in the assay for O, rate in order to 
optimize activity (data not shown). As appreciably 
higher Cl” requirement for O, evolution in mem- 
branes depleted of the 17- and 23-kDa proteins 
was confirmed [16—18,28,29]. About 80% restora- 
tion of the O,-evolution rate was achieved with 
concentrations of 5 mM CaCl, and 235 mM 
NaCl. The data given in Fig. 4 indicate that 
electron transfer, as monitored by O, evolution, 
follows the content of 33 kDa protein rather than 
Mn content in salt washed membranes. This again 
supports the claim that the Mn which remains 
bound following release of the 33 kDa is not 
capable of oxidizing water to oxygen. 

Table I gives the same results for samples 
washed in 1 M CaCl, at pH 6.5. Here we see that, 
as found previously by others, there is appreciable 
retention of Mn on the membrane, about 3.7 
Mn/PS-II. However, the yield of the multiline 
signal parallels the amount of 33 kDa protein 
remaining on the membrane, about 1/3 of the 
control, and not the Mn content. The optional O, 
evolution rate which could be observed was also 
about 40% of the control. Apparently, the bound 
Mn without the 33 kDa protein is not photo- 
oxidizable. This is compared to a sample that is 
salt-washed at pH 8.5 and has comparable yields 
of the S, signal and 33 kDa protein, but only 2.2 
Mn /PS II. We find no evidence that this protein 
can be replaced by Ca?* or Cl™ in the formation 
of the S, multiline signal or O, evolution, in 
contrast to O, evolution [22,25]. 

We felt it was important to learn if the loss of 


TABLE I 


CORRELATION OF RELATIVE S, MULTILINE SIGNAL 
YIELD, OXYGEN EVOLUTION, MANGANESE AND 33 
kDa PROTEINS IN PS-II MEMBRANES TREATED WITH 
1 M CaCl, pH 6.5 OR 1 M NaCl, pH=85 


Treatment Relative Relative Relative Manganese 
S yield 33kDa Oxygen reaction 
bond evolution center 
CaCl, (pH 6.5) 0.37 0.35 0.39 37 
NaCl (pH 8.5) 0.39 0.43 0.24 22 


Control 1.0 10 1.0 47 
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the S, multiline signal upon salt washing might be 
due to a change in the conditions necessary for 
generation of the signal, rather than due to loss of 
an essential cofactor for the manganese site. We 
tested two parameters: the Cl~ concentration in 
the assay medium and the illumination tempera- 
ture. We found little further improvement in the 
amplitude of the multiline signal, in membranes 
washed at pH 6.5 or above, upon increasing the 
concentration of CIT in the assay medium. The 
yield increased only from 75% to 80% of the 
control for the optimum samples (pH 6.5) upon 
increasing the salt concentration from 25 mM to 
110 mM. Therefore, the loss of multiline signal 
above pH 6.5 cannot be accounted for by an 
unsatisfied Cl~ requirement. The yield of the mul- 
tiline signal in membranes depleted below pH 6.5 
actually decreased when the Cl” concentration 
was increased from 25 mM to 110 mM, indicating 
an antagonistic influence of Cl~ below about pH 
6. 

The results on the temperature dependence of 
the formation of the multiline signal in salt-treated 
membranes by illumination at 200 K and 300 K 
(50 uM + DCMU) showed that a lower yield is 
observed at 300 K for all pH/salt extractions. 
Thus an increased activation energy is not the 
source of the reduction in the signal relative to 
control membranes (data not shown). It may be 
possible to reduce further the 20% loss of the S, 
multiline signal by using shorter times for salt 
incubation and centrifugation than the 30 min 
intervals we adopted for both. 


The g = 4.1 signal 

We also searched for the light-induced g = 4.1 
EPR signal attributed to an oxidized donor, possi- 
bly Mn(IV) in PS II membranes [35,36]. This 
signal did not form in salt-treated samples il- 
luminated at 200 K or in control samples (data 
not shown). 


Discussion 


Protein determination 
The results in Figs. 1 and 2 illustrate that 


accurate determination of the relative extent of 33 


kDa protein bound to the membrane is greatly 
aided by release of the protein from the mem- 


T2 


brane by the heat shock method [34]. Once in 
solution interference from non-soluble proteins is 
eliminated. When combined with a titration 
method for protein release this offers a quantita- 
tive assay for the presence of this protein. 


Salt washing 

The 20-25% reduction in the amplitude of the 
multiline signal which accompanies the release of 
the 23- and 17-kDa proteins at pH 4.5-5.5 (Fig. 4) 
suggests a role for these proteins in maintaining 
efficient photooxidation of the S, state of the 
O,-evolving complex by the reaction center, but 
not an obligatory role. We cannot rule out the 
possibility that the loss of one or both of these 
proteins upon salt washing is unrelated to the 
reduced quantum yield for the S, multiline signal. 
In contrast, the large loss in O, evolution rate 
upon dissociation of the 23 kDa protein [28] when 
combined with the present results, indicate that it 
must be required for physiological activity in- 
volving the formation of S, or S,. These results 
agree with the general findings in Ref. 30 showing 
that salt treatment to release the 17- and 23-kDa 
proteins abolishes the S, signal and O, evolution, 
but reversibly, upon dialysis to remove excess salt. 
An earlier report [41] has found that removal of 
the 17- and 23 kDa-proteins by salt washing blocks 
or greatly suppresses the advancement of the water 
oxidizing complex to the S, state, as seen by the 
multiline yield. This discrepancy is probably at- 
tributable to the absence of sufficient C17 (1 mM) 
and Ca(II) (none) in their assay medium. This 
underscores the ease with which this signal is lost 
if conditions are not optimized. 

The spectrum of the S, multiline signal which 
forms in salt-washed membranes has fewer lines 
compared to the minimum of 19 lines which form 
in the control membranes at 200 K. Fig. 3 shows 
that the two low field peaks, —8 and —9, disap- 
pear upon salt washing at pH 7.5. This signal is 
referred to as the ‘16-line’ S, multiline signal. 
‘16-line’ EPR spectra analogous to this signal are 
observed for synthetic binuclear manganese com- 
plexes in the mixed-valence state Mn, (III, IV) 
[14]. The S, multiline signal in untreated mem- 
branes converts also from a ‘19-line’ form, achieved 
by illumination at 200 K, to a ‘l6-line’ form 
produced by multiple turn-overs at 300 K [1,14]. It 


has been attributed to an altered coupling between 
the manganese ions. 

The results of Fig. 4 show that it is possible to 
dissociate about 20% of the 33 kDa protein without 
loss of Mn from the membrane between pH 6.5 
and 8.0. Consequently, this protein is not essential 
for the binding of Mn to the membrane, but it is 
essential for photo-oxidation of Mn (S, multiline 
signal) and the evolution of O, (Fig. 4). These 
results are in agreement with previous results 
showing conditions under which the three peri- 
pheral proteins may be partially, dissociated prior 
to significant Mn release [21,22,30]. The multiline 
signal and O, evolution are restored upon rebind- 
ing of the 33 kDa protein, provided manganese 
has not been lost from the protein depleted mem- 
brane [42,43]. 

The Mn which remains on the membrane fol- 
lowing partial dissociation of the 33 kDa protein 
is more susceptible to dissociation than in intact 
PS-II membranes, suggesting a direct influence of 
this protein on Mn binding [19,43,44]. Previous 
results [20] show binding of two Mn(IID ions to 
the 33 kDa protein in the presence of oxidants can 
be understood in terms of the current results. 
Manganese binding to PS-II membranes appears 
to occur at the interface between the 33 kDa 
protein and an integral membrane protein of the 
reaction center core, so that it may be carried with 
either the dissociated protein or with the depleted 
membrane depending upon the conditions used 
for extraction. Similar conclusions were reached in 
studies of Ca(II) exchange for La(III) [37]. This 
other protein has been suggested to be either the 
47 kDa reaction center core protein [19], or possi- 
bly an intrinsic membrane protein of 34 kDa [39]. 
Another less likely possibility is that the 33 kDa 
protein, while stabilizing the binding of man- 
ganese, is not directly involved in manganese co- 
ordination; inferring that the observed isolation of 
a manganese protein complex by use of chemical 
oxidants [20,38] is a curious artifact. The capabil- 
ity of this manganese protein to restore lost O, 
evolution activity to depleted membranes [3] favors 
the former interpretation. 


Manganese binding 
A comparison of the observed binding of Mn 
to the membrane with theoretrical predictions for 


cooperative binding is given in Fig. 5. The theoret- 
ical curves are generated using the Hill formula- 
tion for the fraction of bound sites, Y [40]: 


ool 
y-—_~__ (1) 
Ey 


Two curves are shown for Hill parameters of 
a=] and 2. The case of a=1 corresponds to 
non-cooperative binding. The experimental data 
are clearly in better agreement with a cooperative 
release of the initial 2 or 3 Mn ions by alkaline 
salt washing. Therefore, at least 2 and possibly all 
4 Mn ions may be grouped together into a com- 
mon binding site. This conclusion was evident 
already from the spectroscopic interpretation of 
the S, multiline EPR signal which is best under- 
stood by models involving the electronic interac- 
tion of four Mn tons [1,9,13,14]. Combined with 
the present biochemical data these results indicate 
that these four Mn ions are organized into two 
groups comprised of 2 or 3 Mn ions that are 
cooperatively released and another 2 or 1 Mn ions 
that bind at a site which is characterized by re- 
lease which is thermodynamically non-cooper- 
ative. These results do not preclude the possibility 
that all four Mn ions are bound to a common site. 


pH 


65 75 80 85 90 95 





~} [$ 1 
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Fig. 5. Comparison of the Mn binding data taken from Fig. 4 
with an empirical model for cooperative binding. see Eqn. 1 
Curves are plotted for the Hill coefficients of a =1 and a=2. 
The data represent averages from three mdependent de- 
terminations each subject to a precision error of 0.04. 
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CaCl, washing 

Previous studies have found that PS-II mem- 
branes which have been completely stripped of the 
17-, 23- and 33-kDa proteins by washing in 1 M 
CaCl, retain Mn which is functional in the recon- 
stitution of partial O, evolution activity by ad- 
dition of Ca(II) [25] or excess Cl~ [22]. While we 
see retention of Mn binding, we have found no 
evidence supporting the claim that this Mn, 
without the 33 kDa protein, is functional in O, 
evolution or S, multiline formation with or without 
added Ca(II) or Cl” (Fig. 4 and Table I). The 
answer to this difference may lie in the results in 
Table I, showing that this treatment actually leaves 
about 1/3 of the 33 kDa protein on the mem- 
brane. This is easily missed if protein determina- 
tion by gel electrophoresis is conducted using the 
depleted membrane for which interference from 
bands at 34- and 32 kDa occurs (Fig. 1). There- 
fore, the partial O, rate recovery seen in previous 
work may reflect a Cl” or Ca(II) dependent re- 
coupling of undissociated 33 kDa protein to the 
O,-evolving complex. 


Osmotic release 

Previously, we observed that release of the 33 
kDa protein by osmotic shock also releases 2 or 3 
Mn atoms from thylakoid membranes [20] and 2 
Mn atoms from PS-IJ membranes [3]. Further- 
more, a strict correlation was observed between 
the extent of release of the 33 kDa protein and the 
loss of the multiline signal and O, evolution from 
PS-II membranes by osmotic shock [3]. These 
results agree well with the results from alkaline 
salt washing, and confirm how general the results 
are with different methods for protein dissocia- 
tion. The release of only 2 of the 4 Mn ions by the 
milder osmotic treatment indicates that the 33 
kDa protein stabilizes preferentially 2 of the 4 Mn 
ions that can be released by alkaline salt washing. 
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Long-term delayed luminescence in Scenedesmus obliquus 
I. Spectral and kinetic properties 
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(Received 11 September 1986) 
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Long-term delayed luminescence varying from 0.3 s to several minutes has been investigated in wild-type 
cells of Scenedesmus obliquus. Complex decay kinetics as well as the comparison of excitation and emission 
spectra of long-term delayed luminescence with those of prompt fluorescence suggest the involvement of 
both Photosystem I and H in long-term delayed luminescence. A long-term intermediate showing maximal 
luminescence approx. 10 s after a 1 s excitation far-red light pulse is particularly attributed to the pigment 
system of Photosystem I. A mathematical model fitting the long-term delayed luminescence decay kinetics is 


presented. 


Introduction 


Delayed luminescence has been discovered in 
1951 by Strehler and Arnold [1]. Detection of 
typical fluence rates smaller than 108 quanta/ml 
per s requires custom-made set-ups. As a valuable 
guide Lavorel [2] introduced the so-called ‘7-scale’, 
which separates delayed luminescence in terms of 
three distinct regions of decay kinetics with half- 
lives ranging from 107$ s up to several minutes. 
The domain larger than 1, ,, =5 s comprises very 
little data in the literature, even though valuable 
information may be extracted from this type of 
experiments [3,4]. 

The present continues an earlier investigation 
[5] of Long-term Delayed Luminescence (some- 
times referred to as ‘long-term delayed fluores- 


Abbreviations: PS I, Photosystem I; PS I, Photosystem II, 
Chi, chlorophyll 
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cence’). Emission spectra and exciation spectra of 
short-term delayed luminescence often resemble 
those of prompt fluorescence [6,3]. Consequently, 
short-term delayed luminescence has been as- 
sumed to involve the same molecular species as 
prompt fluorescence: the lowest-excited singlet 
state of Chl a of PS II [7,8]. This has been claimed 
particularly for Scenedesmus by Haug et al. (Ref. 
9; for further references, see Ref. 5). Various 
possible mechanisms for generating delayed lumi- 
nescence have been suggested (for reviews, see 
Refs 10; 2 and 4). The most accepted explanation 
at present favors a thermally induced back-reac- 
tion of the transmembraneously accumulated 
charges as built up by the photosynthetic 
electron-transport chain. This, in turn, is taken to 
lead to a radiative charge recombination, giving 
rise either to delayed luminescence of “thermolu- 
minescence” depending on the experimental con- 
ditions. 

Nevertheless, there have been claims that some 
types of delayed luminescence originate from PS I 
(for reviews, see Refs. 4 and 11-13), even if the 
data are not as clear-cut as those supporting the 
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involvement of PS II. A previous investigation [5] 
focussed on long-term delayed luminescence of 
tobacco leaves, and comparison of spectra of 
prompt fluorescence and long-term delayed lumi- 
nescence also suggested processes different from a 
plain reversal of charge separation by PS II, pos- 
tulating more complex molecular mechanisms. 

Screening, selfabsorption and scattering as in- 
dispensable obstacles inherent in optical spec- 
troscopy of opaque materials such as mature leaves 
of higher plants will truncate both spectra and 
kinetics in an uncontrolled manner. Therefore, in 
the present work we adopted the green alga 
Scenedesmus obliquus: suspensions of algae can be 
handled more conveniently and — due to strict 
standardization — allow a better control of various 
optical and physiological parameters such as ex- 
tinction, temperature, uptake of exogeneous in- 
hibitors or pH. In addition, there are several 
specific mutants available with well-defined de- 
fects which allow further analysis of the origin of 
long-term delayed luminescence. 


Materials and Methods 


Cultures of the unicellulr algae Scenedesmus 
obliquus strain D, were grown at a temperature of 
30°C in liquid inorganic medium [14], aerated 
with 3% CO, in air. The cells were synchronized 
by a light-dark regime of 14 h white light of 15 
W-m~? and 10 h darkness. At the beginning of 
each light period the cultures were diluted auto- 
matically with a photoelectrically controlled dilu- 
tion device [15] to a preset density. If not stated 
otherwise, cells were harvested for the experiments 
at the 16th hour of the life cycle. 

The device for measuring long-term delayed 
luminescence has been described in detail previ- 
ously [5] and was slightly modified for measuring 
algae suspensions: Petri dishes of 100 mm diame- 
ter and 18 mm height were filled with 10 ml 
suspension (corresponding to A = 0.25) and placed 
on top of a vertical, red-light sensitive end-on 
photomultiplier tube (EMI 9658 B, S20 photo- 
cathode, 1 inch diameter) with ‘shutter 1’ in be- 
tween for protection of the photomultiplier tube 
during irradiation with exciting light. Prior to 
illumination, cell suspensions wer adjusted to a 
chlorophyll concentration of 5 pg-ml7! by dilu- 


tion with the culture medium. Measurements were 
usually performed at 20+ 1°C under dim green 
safelight (cf. action spectrum of long-term delayed 
luminescence in Fig. 6, bottom). Using a mechani- 
cally operated ‘shutter 2’ (Prontor Press) in series 
with a lens system, the suspension was uniformly 
illuminated from above for 1 s with monochro- 
matic light of a given fluence rate. Light intensi- 
ties were measured with a photometer /radiometer 
system (Ealing, Model 450). Excitation and Emis- 
sion wavelengths were defined by interference 
filters (DIL, half-band widths of 8-10 nm, Schott, 
Mainz, F.R.G) 

With a time lapse of approx. 0.3 s after 
terminating the exciting light the kinetics of long- 
term delayed luminescence were monitored typi- 
cally for 1 min. The photomultiplier signal was 
amplified by a low-noise amplifier (Brookdeal, 
model 450) which was operated in the ratemeter 
mode, and fed either to a NIC 1174 special pur- 
pose microcomputer (and stored on magnetic tape 
for subsequent evaluation), or directly to a 
Hewlett-Packard strip chart recorder (7101 BM). 

Absorption measurements and 4th-derivative 
analysis were performed with a self-made, com- 
puterized single-beam spectrophotometer de- 
scribed in detail previously [16]. Measurements of 
corrected excitation and emission fluorescence 
spectra were done with a Shimadzu correcting 
fluorimeter, model RF-502. The action spectrum 
for long-term delayed luminescence was measured 
according to Shropshire, Jr. [17]. 


Results and Discussion 


In a previous study of long-term delayed lumi- 
nescence in tobacco leaves [5] occasionally devia- 
tions from simple first-order kinetics of long-term 
delayed luminescence were observed, i.e., an ini- 
tial, relatively fast decay, succeeded by a (smaller) 
optimum in long-term delayed luminescence, i.e., 
the build up of some kind of luminescing inter- 
mediate. Occurrence and conditions for its occur- 
rence have been far from being clear. The same 
effect is observed in Scenedesmus as well, and was 
studied more thorougly in the present paper. 

The dependency of the decay kinetics of long- 
term delayed luminescence of Scenedesmus as a 
function of fluence rate of the 1 s exciting light 
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Scheme I. Minimum model which crudely explains the crude 
shape of the long-term delayed luminescence kinetics, includ- 
ing the luminescent intermediate (top). The only light reaction 
is the excitation of some component A to A* (for details, see 
text). The solution of the differential equation (bottom) 1s 
visualized in Fig. 4 


pulse is shown in Figs. 1 and 2. At defined < 
medium’ intensities, and with light emission moni- 
tored at 712 nm and excitation at 721 nm (Fig. 1) 
or 694 nm (Fig. 2), after about 10 s a long term 
luminescent intermediate is observed. When 694 
nm exciting light is used, the intermediate appears 
to be less pronounced compared to 721 nm, and 
fades out at higher fluence rates (Fig. 2). Depend- 
ing on the conditions used, the long-term delayed 
luminescence signal decays more or less rapidly to 
zero after a specific period of time. 

In order to measure a crude ‘action spectrum’ 
for the generation of this intermediate, we ad- 
justed the intensity of the exciting light at various 
wavelengths to generate the same initial height of 
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Fig 1 Kinetics of long-term delayed luminescence as function 
of the fluence of a 1 s exciting hight pulse of 721 nm. Light 
emission was monitored at 712 nm. At increasing fluence rates 
a luminescing intermediate builds up after approx 10 s. 


the long-term delayed luminescence signal (corre- 
sponding to approx. 1077 E-m7~?; Fig. 3. Clearly 
— at the light intensities chosen — the intermediate 
only developes when long-term delayed lumines- 
cence is excited between 700 and 730 nm, with a 
maximum at 720 nm; blue light turned out to be 
inactive at any light intensity. At higher intensities 
of red light the intermediate can still be seen using 
exciting light from a slightly wider wavelength 
range (extension, approx. +10 nm). 

In Scheme I we propose the minimum model, 
which crudely explains the shape of the kinetics, 
including the intermediate. Some species ‘A’ are 
excited to ‘A*’, which emit LDL,. A*, in turn, 
decays to a non-luminescing species ‘C with a 
reaction constant k,, and to a species ‘B’ with a 
reaction constant k,. Subsequently, ‘B’ undergoes 
a bimolecular reaction, thereby generating LDL,, 
and finally decays with a reaction constant k, 
towards another, nonluminescent product ‘D’.. This 
bimolecular reaction turned out to be an indis- 
pensible part of the model, and cannot be re- 
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Fig 2. Kinetics of long-term delayed luminescence as function 
of the fluence of a 1 s exciting light pulse of 694 nm. Light 
emission was monitored at 712 m. Approx 10 s after the pulse 
medium fluence rates will generate some intermediate species. 
With higher fluence rates the intermediate fades away. 


placed by a monomolecular one. According to 
their small quantum efficiencies, long-term de- 
layed luminescence reactions (empty arrows in 
Scheme I) do not significantly consume the sub- 
strates A* and B which simplifies the proposed 
scheme. Long-term delayed luminescence either 
originates in A* and B themselves, or is generated 
by energy transfer from these species towards 
pigment molecules with the proper spectral emis- 
sion characteristics exhibited by Figs. 7 and 8. 

The solution of the corresponding differential 
equation is given in Scheme I and visualized in 
Fig. 4. The parameter ‘m’ defines the contribution 
of LDL, to the total signal LDL,,, and can be 
defined as the ‘relative luminescence efficiency’. 
The course of the actual kinetics is essentially 
fitted by this model, as the comparison with the 
measurement shows (dotted line, taken from Fig. 
1). In addition, the model explains the decrease of 
the intermediate long-term delayed luminescence 
species with decreasing fluence rates of the ex- 
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Fig. 3 Kinetics of long-term delayed luminescence as function 
of wavelength of the exciting light pulse of 1 s producing the 
same initial quantum emission (approx 107’ E-m~7). The 
dashed line indicates the crude action spectrum for the produc- 
tion of fluorescing intermediate with a maximum around 720 
nm 
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Fig. 4 Visualization of Scheme I: the minimum model which 
crudely explains the shape of the kinetics of long-term delayed 
luminescence. It also explains the fact that with lower ‘intensi- 
ties’ of the exciting light, 1¢., with decreasing A%, the inter- 
mediate fades out. 


citing light; the fluence of the exciting light is 
mimicked by varying the concentration of ‘A%’ 
(all other parameters are kept constant). The curve 
was fitted with the help of a microcomputer 
(Commodore, model 8032). For this calculation 
no attempt was made to develope an automatic 
parameter-search program, which probably would 
result in a more satisfying fit of the kinetics. 

The semilogarithmic plot (not shown) of the 
long-term delayed luminescence kinetics of 
Scenedesmus, excited with 421 nm light where no 
intermediate is build up, is complex and does not 
allow any further interpretation. It can neither be 
fitted by a first- or second-order kinetic, nor by a 
composition of two individual first-order kinetics, 
indicative of the involvement of several pigments 
or pigment systems in long-term delayed lumines- 
cence. This implication was further clarified by 
determining a true action spectrum for long-term 
delayed luminescence. 

Following standard procedure, we first mea- 
sured a series of fluence-response curves (Fig. 5, 
covering more than five orders of fluence. They do 
not run in a strictly parallel manner, i.e., there are 
either several photoreceptors and/or screening 
pigments involved. The action spectra deduced for 
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three different responses specified by the intersec- 
tion of the fluence response curves with the hori- 
zontal lines ‘a’, ‘b’ or ‘c’ (Fig. 5) are given in Fig. 
6, bottom; no essential differences are established. 
With the irradiation system utilized, no saturation 
of the signal was achieved at any wavelength. Due 
to these limitations at higher responses the spectra 
are incomplete (Fig. 6, bottom, b and c). For 
comparison, the absorption spectrum of Scene- 
desmus cells, including the 4th derivative in order 
to increase wavelength resolution, is depicted in 
Fig. 6, top, and the corresponding excitation spec- 
trum of prompt fluorescence in Fig. 6, middle. 
Prompt fluorescence is essentially emitted by Pho- 
tosystem II, in full agreement with the general 
assumption. Peaks in the blue and red part of this 
spectrum can readily identified by the 4th deriva- 
tive of the absorption spectrum (Fig. 6, top), at 
least involving two Chl a species with Soret-bands 
at 444 and 479 nm. 

The action spectrum of long-term delayed lumi- 
nescence (Fig. 6, bottom) consists of a peak in the 
Soret-region between 400 and 430 nm (partly 
coincident with the peak at 413 nm in the fourth 
derivative of the absorption spectrum), a massive 
contribution by some ultraviolet-absorbing com- 





-log (fluence [Em’]) 


Fig. 5 Fluence-response curves of the initial quantum output of long-term delayed luminescence. More than five order of fluence are 
covered with the set-up used. Based on three different responses marked ‘a’, ‘b’ and ‘c’ true action spectra for the induction of 
long-term delayed luminescence are calculated and shown in Fig. 6, bottom 
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Fig 6. Top: absorption spectra of wild-type Scenedesmus o. 
Total extinction 1s approx. A=1 The fourth derivative (dotted 
line) was taken with dx = 3 0, 3.1, 3.2, and 3.3 nm (Ref. 21); 
wavelengths indicated are based upon calibration with argon 
lines Middle: corrected excitation spectrum of prompt fluores- 
cence The measurement has been performed under steady-state 
conditions. Excitation wavelength: slit width, 5 nm, emission 
wavelength, 750 nm; slit width, 15 nm. Bottom: action spectra 
derived from the fluence response curves in Fig. 5 as based 
upon three different responses (‘a’, ‘b’, ‘c’). 


ponent(s), and a relatively broad peak in the far- 
red region. This, again, reflects the involvement of 
several pigments, particularly the ‘long-wave- 
length antenna’ of PS I (fluorescence emission at 
725 nm; Ref. 20). To summarize, excitation spec- 
tra of prompt fluorescence and long-term delayed 
luminescence are significantly different, suggesting 
quite distinctive molecular species and mecha- 
nisms involved in these two processes. Based upon 
identical optical properties of the (macro) environ- 
ment (range corresponding to the optical wave- 


length of approx. 700 nm) of the pigments or 
pigment-systems involved in these processes, triv- 
ial optical reasons such as scattering, screening or 
selfabsorption cannot account for the observed 
differences. This, again, suggests a different 
molecular origin of prompt fluorescence and 
long-term delayed luminescence: long-term de- 
layed luminescence does not plainly represent the 
reversal of the initial steps of light-induced charge 
separation in Photosystem II. Kinetics and spec- 
tral extension of long-term delayed luminescence 
into the far-red region suggest the (additional) 
involvement of components generally attributed to 
PS I. 

Experiments performed by other workers em- 
phasize the diversity of pigments giving rise to 
prompt and delayed light emission: pronounced 
variations of fluorescence may occur without cor- 
responding changes of delayed fluorescence [23]. 
Prompt fluorescence is quenched by carotenoids 
[18], whereas delayed fluorescence is not affected 
[19]. Since excitation produced by charge recombi- 
nation always starts out from the reaction center(s), 
the transfer of excitation energy to the reaction 
center chlorophyll may be significantly faster — 
and therefore the predominant reaction to occur — 
than to the antenna chlorophylls. Thus, Amesz 
and Gorkom [3] hypothesized in their review “ that 
delayed luminescence may originate largely from 
chlorophyll molecules in the vicinity of the reac- 
tion center” (of PS I and PS II, Ref. 4), whereas 
prompt fluorescence is known to originate in the 
bulk chlorophylls mainly associated with PS IL. 
This would explain the distinct reactivities in re- 
sponse to various exogenous parameters, and 
long-term delayed luminescence might offer itself 
as a sensitive and specific probe of reaction-center 
activity. 

The next experiments focussed on the emission 
spectrum of long-term delayed luminescence. We 
monitored the emission spectrum based upon the 
initial height (i.e., the rate of quantum emission) 
of the long-term delayed luminescence kinetics. As 
before, luminescence was excited for 1 s with 412 
nm light of 1078 E- m~*-s~}, where no luminesc- 
ing intermediate developes. In order to select a 
particular emission wavelength, long-term delayed 
luminescence was monitored with the proper in- 
terference filter sandwiched between petridish- 


sample and photomultiplier cathode. Taking into 
account the transmittance of the interference filter 
used, we obtained the corrected emission spectrum 
depicted in Fig. 7B (dots). In some consistency 
with the excitation spectrum in the red, its ex- 
traordinary width also suggests the involvement of 
diverse luminescing species. 

We cannot necessarily expect a direct correla- 
tion of excitation and emission spectra of long- 
term delayed luminescence typical for prompt flu- 
orescence (however, we cannot exclude it either). 
Excitation and emission spectra of long-term de- 
layed luminescence might be due to different 
molecular species. In order to analyze the com- 
position of the emission spectrum, we first in- 
vestigated the emission spectrum of prompt fluo- 
rescence of Scenedesmus on the basis of individual 
Lorentz-shaped bands, adopting the known wave- 
lengths of maximal fluorescence of Photosystem II 
and I (685 and 725 nm, Fig. 7A; the choice of free 
wavelength positions of all four individual compo- 
nents would introduce ambiguity; i.e., various dif- 
ferent parameter sets would fit the measured emis- 
sion spectrum of long-term delayed luminescence). 


prompt fluorescence 


delayed luminescence 
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Fig 7. (A) Dotted line: measured emission spectrum of prompt 
fluorescence. Dashed line: Calculated spectrum composed of 
two individual Lorentz-shaped bands at 685 and 775 nm (solid 
Ines) (B) Dots corrected emission spectrum of the initial 
components of delayed luminescence (LDL,) This spectrum 
was fitted (dashed line) by superposition of varios Lorentz- 
shaped bands (solid lines) 
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Again, the calculations were performed with a 
CBM 8032 personal computer, utilizing a home- 
made parameter search program in this case. Two 
additional components with peaks occurring at 
712 and 660 nm were introduced in order to 
explain the measured long-term delayed lumines- 
cence emission spectrum. After proper adjustment 
of all parameters defining width, height and wave- 
length of the individual components we obtained a 
reasonable good fit (Fig. 7B), comprising pigments 
of PS I and PS II. 

As mentioned above, when measuring long-term 
delayed luminescence kinetics we noticed a signifi- 
cant change of the long-term delayed lumines- 
cence intermediate with the emission wavelength. 
Therefore, we measured the long-term delayed 
luminescence kinetics with respect to the inter- 
mediate long-term delayed luminescence compo- 
nent and obtained the spectrum depicted in Fig. 8. 
As a measure for the intermediate we utilized the 
ratio of sections a and b as indicated in Fig. 8. 
Based on known spectral properties, it appears to 
be chiefly related to the pigment system of PS I 
rather than PS II [20]. However, the molecular 
identity of the intermediate remains obscure, ex- 
cept that it undergoes a bimolecular reaction, as 
pointed out above. Under no circumstances we 
were able to observe the intermediate without the 
initial long-term delayed luminescence signal tak- 
ing place. In consistency with Scheme I, a molecu- 
lar species A* giving rise to emission of LDL,, is 
the indispensable prerequisite for LDL, to occur. 
This interpretation is supported by experiments 
with the mutant C6E of Scenedesmus, which only 
contains active PS I: it does not show any long- 
term delayed luminescence signal. Only further 
experiments will allow a definite mutual assign- 
ment of spectra, pigments and mechanisms. 





650 700 750 
wavelength [nm] 


Fig. 8. Dependence of the intermediate (assayed by the a/b 
ratio as indicated) on the wavelength of emission. A maximal 
‘hump’ is observed between 700 and 750 nm. 
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TABLE I 


APPROXIMATE WAVELENGTHS OR WAVELENGTH 
RANGES OF EXCITATION AND EMISSION OF PROMPT 
FLUORESCENCE, AND OF THE FAST AND INTER- 
MEDIATE COMPONENTS OF DELAYED LUMINES- 
CENCE (LDL, 2) 


Excitation Emussion 
Prompt fluorescence 444, 665 685, 725 
LDL, 400—430, 650-740 665-750 
LDL, 690—740 675—770 


The approximate wavelengths or wavelength 
ranges of both excitation and emission spectra of 
prompt fluorescence, and of the initial and inter- 
mediate components of long-term delayed lumi- 
nescence are listed in Table I. 

We are now investigating long-term delayed 
luminescence of Scenedesmus as a function of 
various parameters such as temperature, age dur- 
ing the diurnal life cycle, exogeneous pH, various 
herbicides, and deficiencies of essential trace ele- 
ments and components. Preliminary results sug- 
gest that virtually all these parameters are capable 
of influencing shape and extent of long-term de- 
layed luminescence kinetics. Particularly, so-called 
‘state transitions’ of the photosystems appear to 
exhibit a strong impact. Utilizing different mutants 
of Scenedesmus with specific defects in their pho- 
tosynthetic apparatus, we are studying the (light- 
dependent) development of the potency of exhibit- 
ing long-term delayed luminescence. 
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The oxygen flash yield and the kinetics of Chl aj; (P-680*) reduction have been measured under repetitive 
excitation as a function of pH between pH 4.0 and pH 9.0 in oxygen-evolving PS II particles from 
Synechococcus sp. (i) The optimum of oxygen yield is observed between pH 6.5 and pH 7.5. The inhibition 
in the acidic pH region is reversible and can be described by a monoprotic binding site with a pX value of 
about 4.5. In the alkaline pH region the inhibition is half maximal at pH 8.3 and might be described by the 
titration of three binding sites or more. The loss of oxygen evolution at pH 9.0 is caused by reversible 
inhibition and irreversible inactivation. (ii) Between pH 4.0 and pH 7.5 the fraction of Chi a;; decaying in 
the nanosecond time range and-the oxygen yield follow the same pH dependence. (iii) Both in Photosystem 
II centers reversibly inhibited at low pH and in Photosystem H centers inactivated at high pH, Chl aj is 
reduced by a donor Z, different from the normal immediate donor D, or a modified state of D,, and, in part, 
by back reaction. (iv) Below pH 5.0, the decay in the nanosecond range can be explained by the existence of 
two phases with t, ,. = 42 ns and £, ,. = 300 ns (ratio of amplitudes, 1.3: 1). A reduction phase with ¢, ,, = 20 
ns that is the major phase around the pH optimum is not observed below pH 5.0. 


Introduction [1,2] and the first stable acceptor, a special 
plastoquinone, Q, (X-320) [3,4], starts the reac- 
tion sequence leading to water oxidation. In order 
to oxidize 2 H,O into 1 O, and 4 H+, the stepwise 
accumulation of four oxidizing equivalents in the 
O,-evolving complex by four consecutive photo- 
oxidations of Chl a, is required. Thereby the 
O,-evolving complex passes through four different 
redox states (the so-called S-states, $,-S,) before | 


Light-induced charge separation between a spe- 
cialized chlorophyll a molecule, Chl a (P-680) 


Abbreviations: Q,, primary quinone acceptor of Photosystem 
II; Chi, chlorophyll; Mes, 4-morpholineethanesulphonic acid; 
PS I, Photosystem I; PS II, Photosystem II; D,, immediate 
electron donor to Chl aï; Dy, electron carner between D, and 
the oxygen-evolving complex; Tricine, N-{2-hydroxy-1,1- 
bis(hydroxymethylethyllglycine; Z, electron donor to Chl aj 


after inhibition of O, evolution characterized by EPR Signal 
II,; SB 12, N-dodecyl-N, N-dimethyl-3-ammonio-1-propane- 
sulfonate; Mops, 4-morpholinepropanesulphonic acid; Hepes, 
4-(2-hydroxyethy])-1-piperazineethanesulphonic acid. 


Correspondence: E Schlodder, Max-Volmer-Institut für Bio- 
physikalische und Physikalische Chemie, Technische Uni- 
versitat Berlin, Sekr. PC 14, Strasse des 17. Juni 135, D-1000 
Berlin 12, F.R.G. 


oxygen is released during the transition $S, > Sọ 
[5-7]. Protons are released with a pattern (1, 0, 1, 
2) during the transitions S, > 5,, 8, > S, S > S, 
and S, > Sp, respectively [8—11]. 

Chl aj, reduction kinetics depend on the oxida- 
tion state of the O,-evolving complex [12]. The 
phase with #, ,. = 20 ns is associated with states S 
and S,, respectively. Slower biphasic reduction 
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with half-life times of 50 and 260 ns occurs in 
state S, as well as S, [12]. The retardation of 
electron transfer to Chl aj, in states S, and S, was 
explained by Coulomb attraction due to a positive 
excess charge located in the O,-evolving complex 
in states S, and S, [12]. The formation of excess 
charges in S, and $, was also shown by electro- 
chromic absorption changes [13]. In the nanose- 
cond time range the multi-phasic reduction kinet- 
ics of Chl aj, under repetitive excitation could be 
explained by a superposition of the S-state-depen- 
dent electron-transfer times. They were explained 
by the existence of three nanosecond phases with 
half-life times of 20, 50 and 260 ns (together about 
85% of the total amplitude) [14,15]. Minor phases 
(about 15%) in the microsecond range were ob- 
served under repetitive excitation [15]. The ampli- 
tude of a 35-us phase varies as a function of the 
S-states, being maximal in states S, and $, [15]. 

The experiments summarized so far were per- 
formed around the pH optimum of oxygen evolu- 
tin (pH 6-8). A pH dependence of the amplitude 
of microsecond decay phases has been observed in 
former measurements of the absorption changes in 
thylakoids around 690 nm [16]. 

Because of the biphasic nanosecond reduction 
kinetics of Chl aj in the S, and S, state we 
proposed the existence of two intermediate car- 
riers, D, and D,, between Chi a, and the O,- 
evolving complex [12]. The direct donor to Chl 
a}, D,, has not yet been identified. On the basis 
of EPR [17,18] and optical spectroscopy [19-21] 
D, has been proposed to be a plastoquinol. Dy’ is 
reduced by manganese bound in the O,-evolving 
complex. The kinetics of Dj reduction [22] and 
manganese oxidation [23] are both dependent on 
the S-states and coincide as far as known. 

After irreversible inhibition of oxygen evolu- 
tion, Chl aj, is reduced by a component giving 
rise to EPR Signal II, in the oxidized form [24]. 
Since it is not clear if this component is a mod- 
ified state of D, or D, or an alternative donor, we 
call it Z. 

Several studies on the pH-dependence of oxygen 
evolution have been reported [16,25-—28]. Some of 
these studies, however, may not be entirely con- 
vincing, since the measured O,-evolving rate in 
continuous light may also be affected by pH ef- 
fects on the acceptor side of PS II (see, e.g., Refs. 


26 and 27). In other studies carried out with 
chloroplasts the internal thylakoid pH which con- 
trols the reactions on the donor side of PS II will 
be different from that of the external medium [16]. 
The analysis of the results requires therefore relia- 
ble determination of the internal pH. The pH-de- 
pendent inhibition of the oxygen evolution has 
also been investigated by fluorescence measure- 
ments [25,29-—31], EPR studies [28,33-36], mea- 
surements of the release of both Mn?* and pe- 
ripheral proteins [28,33,34], and thermolumines- 
cence studies [34]. It was found that the irreversi- 
ble inactivation at alkaline pH (pH > 8) is accom- 
panied by the loss of Mn?* [32,33], the release of 
peripheral proteins (18, 24 and 33 kDa) [34—36], 
the appearance of EPR Signal II, [28,33], and the 
loss of the light-induced multi-line and g=4.1 
EPR signal which were attributed to the S, state 
[28]. At acidic pH (pH <5) release of Mn?* and 
increase of the EPR Signal JJ, amplitude have 
also been observed [29]. 

In this work we have measured the reduction 
kinetics of Chl aj, under repetitive flash excita- 
tion as a function of pH in the nano- to millisec- 
ond time range. These measurements were carried 
out in connection with measurements of O, evolu- 
tion under repetitive flash light. All experiments 
were performed with PS II particles from Syn- 
echococcus sp. [37]. ' 


Materials and Methods 


Oxygen-evolving PS II particles were prepared 
from the thermophilic cyanobacterium Synecho- 
coccus sp. as described by Schatz and Witt [37]. 
The PS II particles were finally obtained in solu- 
tion A (80% v/v), glycerol (20% v/v) and about 
0.3% (w/w) of the detergent SB 12. Solution A 
contained 3 - 107? M Mes-NaOH (pH 6)/1- 107? 
M MgCl, /2-107? M KH,PO,/0.5 M mannitol. 
The chlorophyll content was about 1074 M in the 
stock suspension. It was stored at — 80°C before 
further use. The PS II particles are characterized 
by a PS II/PS I ratio of about 50 and by an 
O,-flash yield of (2.5-3.6) - 107? O, per Chl and 
flash corresponding to 70-100 Chi per Chl a, 
active in O, evolution. Absorption changes at 824 
nm were measured as described previously [12,15]. 
For measurements in the nanosecond range, the 


detection system (photodiode FND-100 from EG 
&G; amplifier TVV 123 from Telemeter; Tran- 
sient recorder with 2 ns/point, Biomation 6500; 
signal averager, Nicolet 1170) had an electrical 
bandwidth of 100 Hz—-100 MHz. In the microsec- 
ond and millisecond range, the measuring light 
was monitored by a photodiode (FND 100 from 
EG&G) loaded with 1 kQ. The signals were fur- 
ther amplified (Tektronix AM 502) and digitized 
by a Nicolet 1170 with plug-in Model 174. The 
electrical bandwidth was 2 Hz to 1 MHz. The 
samples were excited by 3 ns (FWHM) laser flashes 
at 532 nm from a frequency-doubled Nd/YAG 
laser (YG 441 from Quantel). The energy per flash 
corresponds to approx. 80% saturation. Most sig- 
nals were transmitted to an Apple II microcom- 
puter and fitted by means of least-squares curve- 
fitting programs as described previously [12]. 

Flash-induced oxygen evolution was measured 
with a zirconia oxygen sensor (Programm- 
electronic AG, Dornach, Switzerland). Purified N, 
gas (50 ppb O,) was used as a carrier gas. Oxygen 
produced in the reaction cuvette was swept out by 
the carrier gas and transported to the zirconium 
dioxide high-temperature oxygen electrode. The 
oxygen content of the gas stream was recorded 
with a microcomputer (Commodore 64) and the 
peak due to oxygen evolution was integrated to 
give the absolute amount of oxygen produced. 
Calibration of the apparatus was achieved by in- 
jecting 50 ul of air-saturated water. The samples 
were illuminated with saturating Xe flashes of 
approx. 20 us (FWHM). The repetition rate was 1 
Hz. For comparison, flash-tnduced oxygen evolu- 
tion was measured with a Clark-type electrode 
(Bachofer). 

The reaction medium contained solution B /ap- 
- prox. 2% (v/v) glycerol/ approx. 0.03% (w/w) SB 
12/2-107-* M phenyl-p-benzoquinone/2 - 107? 
M K,Fe(CN),/1-107° M chlorophyll. 3 ml of 
the reaction medium were divided into two parts 
for measurements of absorption changes and 
oxygen evolution. Solution B contained 5-107 
M buffer/10~* M MgCl,/2-1073 M KH,PO,/ 
0.5 M mannitol. The following buffers were used: 
at pH 4.0 glycylglycine (pK 3.1) 
at pH 4.0-5.0 succinic acid (pK, 4.19, pK, 5.57) 
at pH 5.5-6.5 Mes (pK 6.15) 
at pH 6.5-7.0 Mops (pK 7.2) 
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at pH 7.0-7.5 Hepes (pK 7.55) 

at pH 7.5-9.0 Tricine (pK 8.15) 

The buffers were adjusted to the appropriate pH 
by addition of NaOH or HCl. 

Reversibility experiments were performed as 
follows: PS II particles were stored for 10 min in 
the dark at pH 4.0 or pH 9.0, respectively. Elec- 
tron acceptors were added to the final concentra- 
tions of 2-107? M K,Fe(CN), and 2:1074 M 
phenyl-p-benzoquinone. In some experiments the 
sample was additionally illuminated with 500 
flashes. By addition of solution B (pH 8.5 or pH 
6.0, respectively) the pH values of the samples 
were adjusted to pH 7.0. Final concnetrations of 
chlorophyll and electron acceptors were the same 
as in the reaction medium. 


Results 


Fig. 1 shows the time course of the 824 nm 
absorption changes in O,-evolving PS II particles 
from Synechococcus sp. at different pH values. 
The absorption changes were attributed to photo- 
oxidation and re-reduction of Chl ap. The small 
rapid transient (ft, ,, <5 ns corresponding to the 
instrumental response time) is probably caused by 
the phycobilin pigments which normally con- 
taminate these preparations. The amplitude of Chl 
ay, decaying in the nanosecond time range (1, ,. < 
1 ps) gets significantly smaller when the pH is 
lowered (Fig. la). We analyzed the decay in the 
10-1500 ns time range by two-exponential phases 
which are sufficient for a good fit. Although the 
decay in the nanosecond range is a superposition 
of three nanosecond phases as derived from single 
flash experiments already for a two-exponential fit 
the deviations between measured signal and fitting 
function are not well above the noise. The slow 
phases decaying in the micro- and millsecond range 
were taken into account by a slightly declining 
straight line. The results of the fits of the signals 
in Fig. la are given in Table I. 

On the average (taking into account differences 
in preparations, reaction media and sets of experi- 
ments) an adaptation of the decay kinetics be- 
tween pH 8.0 and pH 6.0 by two-exponential 
phases yielded the following parameters. ñ ,. = 23 
+7 ns, t, 2 = 220+ 50 ns, a,/a,=2.5+0.8; a, 
= 0.15 to 0.4. Between pH 4.5 and pH 4.0 the 
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Fig 1. Time-course of the absorption changes at 824 nm in 
O,-evolving PS II paticles from Synechococcus sp. at different 
pH values. Excitation by approx. 80% saturating laser flashes 
(3 ns FWHM; 532 nm; repetition rate, 1 Hz). 1075 M Chl/2- 
10-3 M K,Fe(CN), and 2-1074 M phenyl-p-benzoquinone as 
electron acceptors. (a) Time-course digitized with 2 ns/point, 
electrical bandwidth 100 Hz-100 MHz, 1024 averages; (b) 
time-course digitized with 300 ns/point, electrical bandwidth 2 
Hz-1 MHz, 256 averages; (c) time-course digitized with 5 
p#S/point, electrical bandwidth 2 Hz-1 MHz, 256 averages. 


TABLE I 


RESULTS OF THE TWO-EXPONENTIAL FITS FOR THE 
SIGNALS IN FIG. la 


pH Ny ai hy a> a3 
(ns) (ns) 

75 17 0.53 180 016 0.31 

6.0 20 0.45 200 0.16 0.39 

50 19 0.35 210 0.20 0.45 

4.5 42 0.20 250 014 0.66 

4.0 44 9.13 340 0.10 0.77 


ty 2, half-life tıme, a,(1 = 1-3), relative amplitudes, a, is the 
initial amplitude of slow phases decaying ın the micro- and 
millisecond range, which were taken into account by a slightly 
declining straight line. 


result of the fit is significantly different: ¢, ,, = 42 
+6 ns, ty. = 300 + 50 ns and a,/a,=1.3+0.5. 

The most striking feature is the decrease of the 
fraction of Chl aj, decaying in the nanosecond 
time range (a, + a,) by lowering of the pH from 
6.0 to 4.0 (see Table I). The acidification slows 
down the reduction of an increasing fraction of 
Chl ai (a,) into the micro- and millisecond 
range. Fig. 1b and c shows the time-course of the 
824 nm absorption changes at different pH values 
on a microsecond (Fig. 1b) and millisecond (Fig. 
1c) time scale. It is observed that the lower the 
pH, the slower Chl aj, is reduced. For a rough 
analysis of the pH-dependent decay in the micro- 
to millisecond range, the fractions of Chl aj 
decaying between 1.5 ps and 200 ws and between 
200 us and 3 ms are depicted in Fig. 2 as a 
function of pH. The increase of the fraction de- 
caying between 1.5 us and 200 ps below pH 6 is 
mainly caused by a reduction phase with a half-life 
time of about 5 us at pH 6 (not shown) of about 
15 ps at pH 5 and of about 30—40 ps at pH 4.5 
and 4.0 (see Fig. 1b). Below pH 5.0 the amplitudes 
of slower reduction phases with half-life times of 
about 200 ps, 500-700 us and about 5 ms increase 
(see Fig. Ic). 

In the following we ask for a correlation be- 
tween the reduction kinetics of Chl aj, and the 
oxygen-evolving activity. The dependence of the 
O,-flash yield on the pH is shown in Fig. 3a. The 
optimum of the oxygen yield is observed between 
pH 6.5 and pH 7.5. The yield decreases sharply in 
the alkaline region and is at a half maximum at 
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Fig 2. Difference between the relative absorption change at 1.5 
ps and 200 ps (@) and between 200 ps and 3 ms (O) as a 
function of pH. For experimental details see Fig. 1. 


pH 8.3. In the acid region, the inhibition is half 
maximal at pH 4.5. The fraction of Chl aj, decay- 
ing in the nanosecond time range (a, + a.) which 
was normalized to the result at pH 7.0 is depicted 
as a function of pH in Fig. 3b. Within the experi- 
mental error characterized by the scattering of 
data in different sets of experiments the O, yield 
and the amplitude of nanosecond decay compo- 
nents of Chl aj follow the same dependence on 
the pH (for a better comparison the curves drawn 
in Fig. 3a and b are the same). 

At pH 9.0, where O, evolution is zero, Chl aj; 
was mainly reduced with a half-life time of about 
180 ns (Fig. 4a). It was found that the amplitude 
of this phase depends on the laser-flash frequency 
(not shown). With increasing repetition rate the 
amplitude of the 180-ns pahse decreases and a 
larger proportion of slower phases (1, ,. > 200 us) 
was observed. This flash-frequency effect is char- 
acteristic of PS II particles in which oxygen evolu- 
tion is inhibited [38]. Therefore, we measured the 
reduction of Chl aj, in Tris-treated PS II particles 
from Synechococcus sp. At pH 9.0 the same half- 
life time of 180 ns was observed (Fig. 4b). This 
indicates that the half-life time of 180 ns observed 
in untreated PS II particles at pH 9.0 can be 
attributed to electron donation from donor Z to 
Chl af. The pH dependence of Chl a} reduction 
by the donor Z in Tris-treated PS IT particles from 
Synechococcus sp. is given in Table II. Above pH 
7.5 the nanosecond decay of Chl aj in untreated 
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Fig 3. (a) O, yield per flash and chlorophyll in dependence on 
the pH value measured with a zirconia oxygen sensor (O, A, 
two different sets of experiments) and with a Clark-type elec- 
trode (©). Samples were excited by saturating xenon flashes 
(20 us FWHM). (b) Fraction of Chl aj} decaying with 
nanosecond half-life times as a function of pH The data are 
normalized to the fraction maximum at pH 7.0. The different 
symbols represent different sets of experiments (conditions as 
wn Fig, la) For further details, see text. 


PS II particles is presumably a superposition of 
electron donation by the donor D, in centers still 
active in oxygen evolution and by the donor Z in 
centers which are inhibited. Therefore, in Fig. 3b 
data points are not marked in the alkaline pH 
region above pH 8.0 and the curve is shown as a 
broken line. Compared to data published for 
Tris-trated chloroplasts [38] the pH dependence 
found in PS II particles from Synechococcus (see 
Table I) is more pronounced. The change of the 
half-life time per pH unit is a factor of 3-3.5 
rather than about 2 as observed in spinach chloro- 
plasts [38]. It is remarkable that the half-life time 
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Fig. 4. Time-course of the relative absorption change at 824 
nm (a) in untreated PS II particles at pH 90 and (b) in 
Trs-treated PS II particles at pH 90. Repetition rate. 0.5 Hz, 
other conditions as in Fig 1a. 


at-pH 9.0 is lower by a factor of about 6 in PS II 
particles from Synechococcus. 

In the following we asked for the reversibility 
of the inhibition of oxygen evolution at extreme 
pH values (see Table III). After the indicated 
pre-treatment the activity was measured at the pH 
7.0. Table HI shows that the inhibition of oxygen 
evolution observed at low pH (Fig. 3a) is reversi- 


TABLE II 


pH DEPENDENCE OF THE HALF-LIFE TIME OF CHL 
aj, REDUCTION BY THE DONOR Z IN TRIS-TREATED 
PS II PARTICLES FROM SYNECHOCOCCUS sp 


pH half-life time 
4,5 30 us 
55 10 us 
6.5 4 us 
7.5 - 650 ns 
9.0 180 ns 
10.0 180 ns 


TABLE III 


OXYGEN-FLASH YIELD AT pH 7.0 AFTER PRETREAT- 
MENT AT pH AS INDICATED 


pH Incubated for 10 min Incubated for 10 min 


in the dark at pH at pH indicated plus 
indicated, measured illumination with 500 
at pH 7.0 flashes, measured at 
pH 7.0 
70 100% 88% 
4.0 92% 81% 
9.0 65% 28% 


ble. Reversibility of the retardation of Chl aj 
reduction by low pH is demonstrated in Fig. 5. 
The reduction is strongly retarded at pH 4. Re- 
turning the sample to pH 7 after incubation at pH 
4, the Chl aj, reduction kinetics (see curve b) is 
nearly the same as in the control experiment (see 
curve a), where Chl a}, reduction was measured at 
pH 7.0 without pretreatment. 

After incubation at high pH (pH 9.0) in the 
dark, oxygen yield is restored to only about 65% 
returning the sample to pH 7.0. Irreversible in- 
activation is significantly increased if the sample is 
illuminated at the alkaline pH (see Table IID. 


absorption change at 824 nm 
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Fig. 5. Time-course of the 824 nm absorption change at pH 
4.0, at pH 7.0 after incubation at pH 4.0 (trace b) and at pH 
7.0 without pretreatment (trace a) Experimental conditions as 
in Fig. la. ’ 


Discussion 


In this study the reduction kinetics of photo- 
oxidized Chl a, were investigated parallel to the 
oxygen-flash yield as a function of pH under 
repetitive excitation. The experiments were per- 
formed with isolated O,-evolving PS II particles 
from Synechococcus sp. in order to insure that the 
medium pH controls O, evoltuion and electron- 
transfer reactions in PS II directly. 

Between pH 6.5 and pH 7.5 the oxygen-flash 
yield and the fraction of Chl aj, decaying in the 
nanosecond time range is maximal and indepen- 
dent of pH. The inhibition of oxygen evolution 
observed at pH < 6.5 and pH > 7.5 is accompa- 
nied by a drastic change of the Chl aj, reduction 
kientics (see Figs. 1 and 5). 

In the acidic pH region the decrease of oxygen 
evolution is half maximal at pH 4.5. The pH 
dependence of the inhibition can be roughly 
described by a monoprotic binding site with a pK 
value of 4.5. Inhibition of oxygen evolution is 
accompanied by a retardation of Chl aj, reduc- 
tion into the microsecond and millisecond time 
range. Lowering the pH we observed at first an 
increase of the Chl aj}, fraction decaying between 
1.5 us and 200 ps (see Fig, 2). This increase is 
mainly caused by a reduction phase with a half-life 
time of about 5 us at pH 6, of about 15 us at pH 
5, and of about 30—40 ys at pH 4.5 and 4.0. Since 
the electron donation from Z to Chl aj, in Tris- 
treated PS II particles shows a similar pH depen- 
dence of the half-life time (see Table II), we 
assume that the increase of the fast microsecond 
phase reflects an increasing fraction of PS‘ II 
centers, where Chl aj is reduced by Z after 
inhibition of oxygen evolution. This conclusion is 
supported by the observation that inhibition of 
oxygen evolution at low pH is correlated with an 
increase of the amplitude of EPR Signal II, [29]. 

Below pH 5.0 the amplitudes of slower reduc- 
tion phases with half-life times of about 200 ps, 
500-700 us and about 5 ms increase (see Figs. 2 
and 1c). The Chl ay, reduction phase with ¢, ,. = 
200 ws has been attributed to the Chl af Q3 
charge recombination [39,40]. In accordance with 
our results it has been reported that the amplitude 
of this phase increases significantly in thylakoids 
below pH,,, 4.5 [16,39]. The 500—700 us phase of 
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Chl aj, reduction which has also been observed in 
PS II particles from Phormidium [41,42] is pre- 
sumably also caused by charge recombination. As 
proposed for PS II particles from chloroplasts, the 
different half-life times may represent back reac- 
tions from different states of inhibited PS II centers 
(e.g., a faster back reaction from the state Z* Chl 
añ Q,Q5, a slower back reaction from the state 
Z Chl af, Q,Q5) [43]. The origin of the small 
reduction phase with a half-life time of about 5 ms 
(up to 10% at pH 4) is not yet clear. 

An influence of acidic pH on the amplitude of 
decay phases of Chi a;, in the microsecond time 
range has been reported for broken spinach chlo- 
roplasts [16]. The authors measured absorption 
changes at 690 nm with an instrumental response 
time of about 12 ps. The results were analyzed as 
a function of pH of the internal thylakoid phase 
which was estimated in consideration of the light- 
induced transmembrane pH gradient. The ampli- 
tude of a 35 ps phase increased from about 15% to 
about 50% of the total Chl af reduction when the 
pH,,, was lowered from 5.6 to 4.5 [16]. It has been 
shown [15] that at pH 7.0 the amplitude of a 35 us 
reduction phase depends on the S-states of the 
oxygen-evolving complex. Therefore, it was sug- 
gested that this 35 ps phase (about 10% of the 
total Chl aj, reduction) is connected to water 
oxidation [15]. Our finding that at low pH the 
normal electron transfer at the donor side is inter- 
rupted and electron donation from Z occurs, makes 
it probable that the large amplitude of Chl aj 
reduction with ¢, 2 = 35 ps (see Fig. 1b and Ref. 


"` 16) at pH 4.5 is mainly due to PS II centers which 


are inactive in oxygen evolution. 

The remaining ns decay of Chl aj, at low pH 
shows significantly different kinetics, compared to 
those around pH 7.0 (see Fig. 1 dnd Table J). 
Under repetitive excitation, the reduction kinetics 
in the nanosecond time range have been adapted 
by two phases with half-life times of 42 ns (= 20%) 
and 250 ns (= 14%) at pH 4.5 and 44 ns (= 13%) 
and 340 ns (= 10%) at pH 4.0. A 20 ns-phase that 
was associated with states Sọ and S, based on 


, Single flash experiments at pH 6.5 (12) is not 


observed. Instead, the kinetics under repetitive 
excitation at low pH (pH < 4.5) are similar to the 
slower biphasic kinetics (4⁄3 = 50 ns and = 300 
ns) which have been linked to states S, and S, 
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{12]. The retardation of the electron transfer in 
states S, and S, has been explained by Coulomb 
attraction due to a positive excess charge located 
in the oxygen-evolving complex in states S, and S, 
[12]. The absence of a 20 ns phase that is the 
major phase around the pH optimum indicates 
that below pH 5.0 a retardation of the electron 
donation to Chl aj; occurs. This retardation might 
be explained by the protonation of a binding site 
close to D, at low pH. 

A retardation of the electron transfer from the 
oxygen-evolving complex to Chl aj} might also be 
caused by the increase of the standard free en- 
thalpy, AGO, of water oxidation lowering the pH. 
For example, lowering of the pH from 8 to 4 leads 
to a decrease of the redox potential difference 
between Chl a,/Chi aj, and 2 H,0,/0,, 4 H* 
by 240 mV. 

Down to pH 4.0 the inhibition of oxygen evolu- 
tion and the change of Chl aj, reduction kinetics 
were reversible (see Table III and Fig. 5). Perfor- 
ming single-flash experiments at pH 4.5 we found 
that the electron transfer to Chl aj is already 
slowed down into the microsecond time range 
after the first flash given to a dark-adapted sample 
(not shown). This indicates that the inhibition 
occurs in the dark and may be caused by a reversi- 
ble protonation of a functional group which reg- 
ulates the electron transfer from D, to Chl aj. 
Irreversible inactivation, which has been observed 
in spinach chloroplasts in connection with release 
of Mn?* [29] below pH 5.0, is probably shifted to 
lower pH values in PS II particles from Synecho- 
coccus. 

At alkaline pH the oxygen-flash yield decreases 
strongly between pH 8.0 and 9.0 with a half-maxi- 
mum at pH 8.3 (see Fig. 3a). A Hill plot of 


Yom — ¥, 


logy “2 against pH (Yo, =O, flash yield) 
2 


between pH 8.0 and 9.0 yields a straight line of 
slope n = 2.6 (not shown). The Hill coefficient n 
yields a minimum number of three binding sites 
for H* or OH” involved in the inhibition of 
oxygen evolution caused by deprotonation or 
binding of OH”. This inhibition is accompanied 
by a change of the Chl aj, reduction kinetics. 
Increasing the pH above pH 8.0, an increasing 


fraction of Chl aj, is reduced by the donor Z. 
Consistent with our results, the amplitude of EPR 
Signal II, due to the oxidized form of Z increases 
under continuous illumination with increasing al- 
kalinization [28,33]. At pH 9.0 the half-life time of 
electron donation by Z is 180 ns (see Fig. 4). 
Significantly slower Chl aj, reduction kinetics are 
probably due to charge recombination (see above). 

Table III shows that at pH 9.0 reversible inhibi- 
tion and irreversible inactivation of oxygen evolu- 
tion are superimposed. As a possible mechanism 
of the reversible inhibition it has been proposed 
that bound Cl” from the catalytic site of the 
oxygen-evolving complex is displaced by OH™ 
[44,45]. It has been shown that the irreversible 
inactivation is time-dependent and increases sig- 
nificantly by illumination (Refs. 32 and 33; see 
also Table IIT). This has been explained by specific 
sensitivity of the S, state to alkalinization [32]. 
The inactivation is accompanied by loss of Mn?+ 
and the release of the peripheral 33 kDa protein 
[33,34]. 

The results of this work show that the electron 
donation from the immediate donor, D,, to Chl 
aj, is sensitive to both reversible inhibition at low 
pH and irreversible inactivation of oxygen evolu- 
tion at high pH. We assume that under these 
conditions Chl aj; is reduced by the donor Z, 
which might be a modified state of D, and, in 
part, by charge recombination. Z* is ultimately 
reduced by an electron from the acceptor, side. 
The nanosecond decay connected with water 
oxidation shows altered kinetics below pH 5.5. 
Single-flash experiments are in preparation in 
order to clarify (a) the pH dependence of the 
pattern of the positive excess charge located in the 
oxygen-evolving complex and (b) if the reversible 
inhibition of O, evolution at low pH can be ex- 
plained by an increase of misses in all centers or 
by an increase of a fraction of centers which are 
completely blocked. 
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In PS-II-enriched membranes lacking the three extrinsic water-soluble proteins in the oxygen-evolving 
system (18, 24 and 33 kDa), but still evolving oxygen to some extent, the formation of the multiline EPR 
signal originating from the S,-state is dependent on the concentration of Cl”. In 200 mM Cl” the multiline 
signal was observed after the first flash and oscillated with the flash number with a period of four. At 20 mM 
Cl” no signal could be observed in this material. These results suggest that the extrinsic proteins are not 
necessary for multiline signal formation and that complete advancement through the S-states can occur in 


their absence when sufficient Cl~ is present. 


Introduction 


Photosystem II is a membrane-bound multi- 
component enzyme that catalyzes the reduction of 
plastoquinone and the light-driven oxidation of 
H,O to O, in plants, algae and cyanobacteria. The 
molecular organisation of the oxygen-evolving sys- 
tem has been extensively studied in recent years, 
and biochemical analysis has revealed the impor- 
tance of four manganese atoms and three extrinsic 
water-soluble proteins (of 33, 24 and 18 kDa, 
respectively) in the oxygen evolution [1]. These 
extrinsic proteins can be selectively extracted from 
PS II by various treatments [1] and it has been 
suggested that they play an obligatory role in 


Abbreviations PS II, Photosystem II; Chl, chlorophyll; Mes, 
4-morpholineethanesulfonic acid; PPBQ, phenylbenzoquinone. 
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oxygen evolution [2,3]. However, it is now clear 
that, under optimal ionic conditions, oxygen 
evolution can still proceed (at least to some ex- 
tent) in the absence of these proteins [4,5]. In- 
stead, the role of the extrinsic proteins seems to be 
to increase the affinity for Cl” and Ca**, and 
these ions are essential for oxygen evolution [1]. 
The presence of the 24 kDa protein provides a 
high-affinity site for Ca?* [6]. The 18 and 24 kDa 
proteins lower the Cl~ requirement for optimal 
oxygen evolution from 30 mM in their absence to 
less than 1 mM in their presence [7],-while re- 
moval of the 33 kDa protein drastically changes 
the Ci” requirement of the system and, in its 
absence, as much as 200 mM C17is necessary for 
maximal oxygen evolution [7,8]. 

Four successive charge separations in the PS II 
reaction center create the oxidizing equivalents 
which are necessary for the formation of one 
molecule of oxygen from two molecules of water 
(for a recent review, see Ref. 9). These positive 
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charges are stored, possibly on the manganese 
cluster in the oxygen-evolving system, which exists 
in five intermediary oxidation states: S,.—S, [10]. 
The chemistry of the S-states remains in many 
respects a matter of speculation. One probe to the 
structure of the S,-state and to the S-state turnover 
is an unusual multiline EPR signal which originates 
from the S,-state [11-14]. Power saturation studies 
[15], computer simulations of the signal shape [16] 
and comparisons to model systems [3] have pro- 
vided evidence that the signal originates from a 
cluster of two or possibly four manganese atoms 
in a mixed-valent state. So far the multiline signal 
has been reported from all oxygen-producing 
materials that have been investigated, while many 
treatments that inhibit oxygen evolution also in- 
hibit the formation of the multiline signal [3]. 

A number of studies have correlated the re- 
moval of the extrinsic proteins with inability to 
form the multiline signal from the S,-state 
[3,17—20]. However, as with many studies of 
oxygen evolution it seems likely that these results 
are due to the use of nonoptimal concentrations of 
Cl~ and/or Ca?*, since removal of the extrinsic 
proteins results in much lowered affinity for these 
ions (for a discussion, see Refs. 21 and 22). Des- 
pite this, it was claimed in a recent study of the 
role of Cl” and the extrinsic proteins in the 
oxygen-evolving system that the 33 kDa protein 
was required for formation of the multiline signal 
[17]. 

In this communication we have attempted to 
resolve some of the anomalous EPR observations 
and to bring them in line with the current knowl- 
edge of the function of the extrinsic proteins and 
Cl”. We demonstrate that in the absence of the 
three water-soluble proteins the S,-state exhibits 
an essentially normal multiline EPR signal, which 
oscillates with a period of 4 with the maximum 
amplitude after the first flash. It is also shown 
that the absence of the multiline signal reported 
by Imaoka et al. [17] is due to insufficient Cl~ in 
their study. 


Materials and Methods 
PS-II-enriched membranes were prepared from 


spinach chloroplasts according to Kuwabara and 
Murata [23]. These membranes showed an 
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oxygen-evolving activity in 10 mM Cl” of 440 
pmol O,/mg Chi per h with 0.3 mM PPBQ as 
electron acceptor. These membranes (hereafter 
called ‘intact material’) were treated with either 1 
M NaCl or 2.6 M urea in combination with 0.2 M 
NaCl. The treatment with 1 M NaCl specifically 
removes the 18 and 24 kDa proteins from PS II 
(the material is called ‘NaCl-washed’) [23], while 
the treatment with urea + NaCl removes all three 
extrinsic proteins while the Mn-atoms are still 
bound to the PS II centers (this material is called 
‘urea + NaCl-treated’) [8]. Less than 5% of the 33 
kDa protein remained bound to the membranes as 
judged from Coomassie brilliant blue staining of 
SDS-polyacrylamide gels using purified 33 kDa 
protein an as internal standard. These prepara- 
tions showed oxygen-evolving activity of 350 umol 
O,/mg Chl per h for NaCl-washed membranes 
(measured in 10 mM Ca?* and 20 mM C17) and 
170 pmol O,/mg Chl per h for urea + NaCl- 
treated membranes (measured at 10 mM Ca?* 
and 200 mM C17). The urea + NaCl-treated mem- 
branes showed no oxygen evolution when mea- 
sured in 20 mM Cl~. Purification of the 33 kDa 
protein and reconstitution of the urea + NaCl- 
treated membranes with the purified protein was 
performed as described in Ref. 24. The activity of 
this material (called ‘urea + NaCl-treated + 33 
kDa’) was 253 pmol O,/mg Chl per h. The pre- 
parations were frozen in liquid nitrogen and could 
be stored for several months at — 80°C. The buffer 
used throughout the study was 20 mM Mes-NaOH 
at pH 6.5 containing 300 mM sucrose, 10 mM 
CaCl,, 30% ethylene glycol (v/v/v) and varied 
concentrations of Cl~ (added as NaCl). Ca** was 
present at 10 mM in all experiments to saturate 
the requirement for this ion [1]. 

EPR samples in calibrated quartz tubes were 
dark-adapted for 10 min at 20°C before being 
illuminated at 4°C with saturating flashes [14] 
from a Nd-YAG laser (15 ns, 100 mJ, 530 nm). 
The time between flashes in a flash-train was 1 s. 
In most experiments the samples were given a 
preflash, after which they were allowed to relax at 
20°C in absolute darkness. After 10 min, 20 mM 
PPBQ in dimethylsulfoxide was added as an 
acceptor to a final concentration of 0.5 mM. After 
addition of PPBQ the sample was illuminated with 
the required number of flashes. The illuminated 
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samples were rapidly frozen at 200 K and subse- 
quently stored at 77 K. EPR spectra were re- 
corded at liquid-helium temperatures with a Bruker 
ER-200t-X-band EPR spectrometer or a Bruker 
ER200D-SRC spectrometer, equipped with an Ox- 
ford Instruments cryostat. A Tracor-Northern 
1710A apparatus was used for subtraction of spec- 
tra. All sample handling was performed in near 
darkness. 


Results and Discussion 


In Fig. 1A is shown the high-field part of the 
multiline signal obtained from the urea + NaCl- 
treated material illuminated with various numbers 
of flashes (for the complete spectrum, see Fig. 
3C). The multiline signal was formed after the 
first flash. From the amplitude of the three well- 
defined lines at high field we estimate that the 
amplitude of the signal after one flash in the 
urea + NaCl-treated PS-II-centers was approx. 
50% of the multiline signal formed after one flash 
in the intact material (Fig. 1B). The formation of 
the multiline signal was dependent on the flash 
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number. The signal amplitude was maximal after 
the first and fifth flashes. Thus it oscillated with a 
period of 4 and reflects the S,-state. The oscilla- 
tion pattern (Fig. 1A, right) is similar to that 
observed in the intact material (Fig. 1B, right) and 
to that earlier observed in PS-II-enriched mem- 
branes [14,18] prepared according to Berthold et 
al. [25]. 

It was sometimes observed that in the urea + 
NaCl-treated membranes the first flash resulted in 
simultaneous formation of the multiline signal and 
an increased amount of EPR-Signal II,,,, (S I,). 
This signal is thought to be due to a cationic 
quinone radical on the donor side in PS II [26] 
which, when present in its reduced form, can 
donate an electron to the S.-state [27], thus reduc- 
ing the yield of any multiline signal formed. S I, 
formation on the first flash indicates that it was 
present in the reduced form in the dark in this 
material. This is not normally the case in PS-II-en- 
riched membranes. However, because of its sensi- 
tivity to light the urea + NaCl-treated material 
was prepared under very low light conditions [8] 
which might have allowed some decay of S II, in 
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Fig 1. Flash-dependent oscillation of the multiline EPR signal from the S,-state. (A) Urea+NaCl-treated membranes, (B) intact 
membranes The high-field part of the EPR spectra 1s shown for samples given a preflash and, 10 min thereafter, a different number 
of flashes as described in the text The concentration of the membranes was 2.9 mg Chl/ml and 27 mg Chi/ml ın (A) and (B), 
respectively. The respective concentrations of Cl~ were 200 and 20 mM. The amplitude of the multiline signal as a function of the 
number of flashes given 1s shown at the nght side. The amplitude was calculated from the added amplitudes of the three easily 
distinguished high-field peaks marked with asterisks in the figure Microwave frequency, 9.43 GHz, temperature, 8 K; modulation 


amplitude, 3.2 mT; microwave power, 32 mW; spectrometer gain, 4-105. 


the dark. The simultaneous formation of the mul- 
tiline signal and S IJ, would result in strong damp- 
ing of the flash-dependent oscillation of the multi- 
line signal. To avoid this, we used one preflash to 
oxidise S II,. This preflash also resulted in the 
formation of some multiline signal. It has recently 
been shown [28], that the S,-state has a half-time 
for the deactivation of 2.5 min in the dark at 20°C 
in the urea + NaCl-treated material, and thus 10 
min dark adaptation after the preflash was needed 
to allow essentially complete deactivation of the 
S,-state. S II, remained oxidized during this time. 
The preflash treatment was used in all experi- 
ments. It should be noted that the Mn cluster in 
the urea + NaCl-treated membranes is more labile 
than in the intact membranes. This results in some 
loss of manganese from the membranes which 
gives an EPR-spectrum from nonfunctional Mn?* 
which overlaps the multiline spectrum around g = 
2. Lines originating from this Mn** are for exam- 
ple seen in the spectrum after zero flash in Fig. 
1A. It seems likely that the loss of manganese 
atoms from the PS II centers in the urea + NaCl- 
treated membranes at least partly explains the 
lower amount of the multiline signal observed in 
this material. 

Thus it is possible to obtain high yields of an 
oscillating multiline signal from a PS-II-prepara- 
tion lacking the three water-soluble proteins. This 
result is clearly different from those obtained by 
Imaoka et al. [17] who were unable to observe the 
multiline signal from the S,-state in PS-[-enriched 
membranes washed with 1 M CaCl,. This material 
lacks the three extrinsic, water-soluble proteins of 
33, 24 and 18 kDa and is known to evolve oxygen 
only at elevated concentrations of Cl~ [5]. It is 
thus very similar to the urea + NaCl-treated mem- 
branes used in our study [4]. However, their ex- 
periments were performed at 20 mM C1”, which is 
too low to allow oxygen evolution from PS-II 
centers lacking the three water-soluble proteins. 
This suggests that it was not the absence of the 33 
kDa protein that was directly responsible for the 
inability to form the multiline signal (in contrast 
to the suggestion by Imaoka et al. [17]). Instead, 
this inability can probably be explained by the 
low concentration of Cl~ used. 

To test this we performed an experiment under 
comparable conditions (20 mM Cl”) (Fig. 2). 
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Urea + NaCl-treated membranes, stored in 200 
mM Cl, were diluted 10 times in a buffer con- 
taining 20 mM Cl-, allowed to equilibrate on ice 
for 10 min and then pelleted by centrifugation. 
The membranes were resuspended in a buffer 
containing 20 mM C17 and divided into two sam- 
ples. To one was added 2 M NaCl to a final 
concentration of 200 mM Cl” and to the other a 
similar volume of 20 mM NaCl. EPR spectra were 
recorded after one saturating flash. From Fig. 2A 
and B it is clear that high yield of the multiline 
signal was observed in the sample containing 200 
mM C17, while no multiline signal was observed 
at 20 mM Cl”. Thus it seems clear that it is the 
concentration of C17 that governs the formation 
of the multiline signal. 

It was therefore tested whether the change in 
Cl~ requirement caused by the removal of the 33 
kDa protein was reversible with regard to the 
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Fig. 2 Effect of the chloride concentration and the 33 kDa 
protein on the formation of the multiline EPR signal. (A, B) 
Samples of urea+NaCl-treated membranes prepared as de- 
scribed in the text and given one saturating flash in the 
presence of 200 mM CI (A) and 20 mM Cl~ (B); the 
concentration of Chl was identical: 30 mg Chi/ml in either 
sample. (C) Urea + NaCl-treated membranes (3.0 mg Chl/ml) 
reconstituted with the 33 kDa protein and given one flash in 
the presence of 20 mM C17. Instrumental settings; microwave 
frequency, 9.46 GHz; temperature, 8 K; microwave power, 32 
mW; modulation amplitude, 2.2 mT; spectrometer gains; 2.5- 
10° (A), 4-105 (B) and 4-105 (C). 
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formation of the multiline signal. Such a reversi- 
bility has been shown for oxygen-evolution [4,17]. 
In Fig. 2C it is shown that urea + NaCl-treated 
membranes which were reconstituted with the 33 
kDa protein exhibited appreciable amounts of the 
multiline signal after one flash. This experiment 
was performed at 20 mM Cl™, which indicates 
that rebinding of the 33 kDa protein increased the 
Cl~ affinity by more than 10-fold. 

NaCl-washed PS-II-enriched membranes have 
a high oxygen-evolving activity at 20 mM Cl” [7] 
and a high yield of the multiline signal was ob- 
tained after one flash in this material at this 
concentration of Cl~ (Fig. 3B). The formation of 
large amounts of the multiline signal in the ab- 
sence of the 24 and 18 kDa proteins is in contrast 
to earlier experiments [18,20] which were per- 
formed in low (1 mM, Ref. 18) or nonsaturating 
(10 mM, Ref. 20) concentrations of Cl~. However, 
the result is in agreement with the earlier observa- 
tions of the multiline signal in this type of material 
in 20 mM Cl” [17,19]. Thus the formation of the 
multiline signal is dependent on the concentration 
of Cl” in the surrounding medium in a manner 
similar to the CI” dependence of the oxygen 
evolution in this material also. 

In Fig. 3 are shown the EPR spectra of the 
multiline signal formed after one flash in four 
different PS-II-enriched materials. The spectra 
from the intact material (Fig. 3A) and from the 
NaCl-washed material (lacking the 18 and 24 kDa 
proteins) (Fig. 3B) are essentially similar. The 
peaks are similarly situated and the relative ampli- 
tudes of the peaks are comparable. Thus the re- 
moval of the two smaller proteins does not lead to 
any major changes in the configuration of the Mn 
cluster in the S.-state. 

Removal of the 33 kDa protein by the urea + 
NaCl-treatment or by CaCl,-washing renders the 
Mn cluster more labile and at low concentrations 
of Cl~, two Mn atoms are easily released [5,8]. 
This suggests that the environment of the Mn 
cluster is changed when the 33 kDa protein is 
released. Alterations’of the Mn cluster are also 
revealed by the multiline signal (Fig. 3C). Due to 
lower concentration of the multiline signal the 
spectrum from the urea + NaCl-treated mem- 
branes is weaker, and the presence of nonfunc- 
tional manganese complicates the subtraction of 
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Fig 3 Companson of the multiline EPR signal onginating 
from the S,-state in PS-II-enriched membranes with different 
protem composition (A) Intact material (3 mg Chi/ml, 20 
mM Cl”), (B) NaCl-washed material (lacking the 18 and 24 
kDa proteins) (3 mg Chi/ml; 20 mM Cl”); (c) Urea + NaCl- 
treated material (lacking the 18, 24 and 33 kDa proteins) (3 mg 
Chl/ml, 200 mM Cl”); (D) Urea+NaCl-treated material 
reconstituted with the 33 kDa protein (lacking the 18 and 24 
kDa proteins) (3 mg Chl/ml; 20 mM Cl”) The figure shows 
the spectra obtained after subtraction of the dark spectrum 
from the spectrum recorded after one flash in the same sample. 
First the spectrum was recorded after one flash, thereafter the 
sample was thawed and allowed to equilibrate at 20°C in 
complete darkness After 10 min the sample was frozen and the 
dark spectrum was recorded. This procedure allowed near 
complete relaxation of the $,-state, but also resulted ın some 
release of manganese from the urea + NaCl-treated membranes 
(C). Instrumental settings. modulation amplitude, 125 mT; 
spectrometer gain, 2.5-10°; other settings as in Fig 2 


the dark-spectrum from the spectrum recorded 
after one flash. This is especially prominent on the 
low-field side near g = 2. Despite these problems 
it is clear that some peaks (marked with arrows in 
the spectra) are present in positions similar to 
those in the intact membranes (Fig. 3A) or in the 
reconstituted material (Fig. 3D), while in other 
regions (particularly at low-field values) there is 
little correspondance with the other spectra. The 
changes suggest that removal of the 33 kDa pro- 


tein results in a changed coupling between the Mn 
atoms giving rise to the multiline signal. 

In Fig. 3D is shown the multiline signal ob- 
tained with the urea + NaCl-treated membranes 
reconstituted with the 33 kDa protein. This spec- 
trum is different from the spectrum recorded in 
the absence of the 33 kDa protein (Fig. 3C). It is 
similar, but not identical, to that recorded for the 
NaCl-washed material (Fig. 3B), which has the 
same composition in terms of the extrinsic pro- 
teins. The slight differences between spectra 3D 
and 3B, if significant, could be due to incomplete 
restoration of the configuration of the Mn cluster, 
even though oxygen evolution was restored to 
80%. 

Summarizing we conclude that the 33 kDa pro- 
tein can be replaced by Cl~ for both multiline-sig- 
nal formation and oxygen evolution. However, the 
absence of this protein modifies the Mn cluster 
leading to an altered multiline signal from the 
S,-state. C17 can also replace the 24 and 18 kDa 
proteins with respect to oxygen evolution [1] and 
multiline formation (Refs. 17 and 19; see also this 
work, Fig. 3B) when Ca?t is present. Thus C17 is 
very important for the formation of the multiline 
signal from the S,-state, and it seems clear that 
suboptimal concentrations of Cl~ results in inabil- 
ity to form the multiline signal in intact [21], 
NaCl-washed (Refs. 18 and 19; this work, Fig. 3B) 
and urea + NaCl-treated membranes (this work, 
Figs. 1A and 2). However, in contrast to earlier 
suggestions [17] it is not necessarily the S,—S, 
transition that is inhibited at very low concentra- 
tions of CI”. Instead, it was reported recently that 
the S,—-S,-state transition functions at low C17 
concentrations forming an S,-state not showing 
the multiline signal and that Cl” depletion in- 
hibits the S,—S, transition [21]. 

Finally, from the observation in this report of 
the flash-dependent oscillation of the multiline 
signal (Fig. 1A) and from earlier activity measure- 
ments [5,8] it 1s clear that the water-soluble pro- 
teins are not necessary for oxygen evolution. Fur- 
thermore, the observation of the multiline signal 
in the absence of the extrinsic proteins (Fig. 3) 
suggests that their presence or absence does not 
cause major changes in the mechanism for oxygen 
evolution, provided sufficient C17 is present in. the 
medium. 
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After the submission of this manuscript the 
formation of the multiline signal after illumination 
at 200 K was reported in CaCl,-washed material 
lacking the three extrinsic proteins. The formation 
of the multiline signal in this material was depen- 
dent on the concentration of Ca?*, provided suffi- 
cient Cl~ (200 mM) was present in the medium 
(Miller, A.-F., De Paula, J.C. and Brudvig, G.W. 
(1987) in Proceedings of the VIIth International 
Congress on Photosynthesis (Biggins, J., ed.), 
Martinus Nijhoff, Dordrecht, The Netherlands, in 
the press). 
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The effect of 4-azido-2-nitrophenyl phosphate (ANPP), a photoreactive analogue of phosphate, on the 
phosphate carrier of pig-heart mitochondria has been investigated. In the dark, ANPP inhibits the transport 
of phosphate in a competitive manner with a K, of 3.2 mM. Upon photoirradiation with visible light, 
[>*PJANPP binds covalently to the phosphate carrier and the inhibition becomes irreversible. Both the 
inhibition of phosphate transport and the incorporation of [° P]JANPP into the phosphate carrier depend on 
the concentration of the inhibitor and the pH of the medium. Incubation of the mitochondria with phosphate 
during illumination in the presence of ANPP protects the carrier against inactivation and decreases the 
amount of radioactivity which is found to be associated with the purified protein. By extrapolation it is 
calculated that at 100% inactivation of the phosphate carrier 0.35 mol of reagent are bound per mol of 33 
kDa carrier protein. It is concluded that ANPP can be used for photoaffinity labeling of the mitochondrial 


phosphate carrier at the substrate-binding site. 


Introduction 


The synthesis of ATP during oxidative phos- 
phorylation requires uptake of ADP and phos- 
phate into the mitochondria. The translocation of 
phosphate across the inner mitochondrial mem- 
brane is catalyzed by a specific transport system 
known as the phosphate carrier (for a review, see 
Refs. 1-3). This protein has been purified from 
heart mitochondria and reconstituted in liposomes 
[4-6]. The amino-terminal part of the protein has 
been sequenced [7—8] and cysteine at position 42 


Abbreviations: ANPP, 4-azido-2-mtrophenylphosphate; ANP, 
4-azido-2-nitrophenol; Hepes, 4-(2-hydroxyethyl)-1-piperazine- 
ethanesulphonic acid; SDS, sodium dodecyl sulphate. 


Correspondence: Dr. F. Palmieri, Istituto di Biochimica, Um- 
versita di Barı, Via Amendola, 165/A, 70126 Bari, Italy. 


has been identified as the binding site of the 
inhibitor N-ethylmaleimide [7]. 

Nothing, however, is known so far about the 
substrate-binding site of the phosphate carrier. 
Indeed, it has not even been established whether 
the particular --SH group responsible for the 
inhibition by N-ethylmaleimide is located at or 
near the substrate-binding site, although it has 
been reported that the presence of phosphate de- 
creases to some extent the reactivity of SH-block- 
ing reagents with the phosphate carrier [9—11]. 

In order to have a tool to characterize the 
phosphate-binding site, the reactivity of the phos- 
phate carrier with the photoreactive substrate ana- 
logue ANPP has been investigated. ANPP had 
been introduced by Lauquin et al. [12] to label the 
phosphate-binding site of the F,-ATPase. By pho- 
toirradiation of submitochondrial particles with 
[° P]JANPP, these authors showed that also a 30 
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kDa protein is labeled by ANPP. This was tenta- 
tively suggested to be the phosphate carrier. In 
this paper we show that ANPP inhibits the phos- 
phate carrier. The inhibition becomes irreversible 
in the presence of light. Phosphate protects the 
carrier against inactivation and labeling by 
[>*P]ANPP. Complete inhibition of the phosphate 
carrier is accomplished when 0.35 mol ANPP are 
bound per mol of phosphate carrier. 


Materials and Methods 


Materials. ANP and ANPP were synthesized 
from 4-amino-2-nitrophenol (Aldrich) as de- 
scribed by Lauquin et al. [12]. [>7PIANPP was 
synthetized by the same method using [°*P]phos- 
phate. Hydroxyapatite (Bio-Gel HTP) and Dowex 
AG1-X8 were purchased from Bio-Rad. [°P] 
phosphate was obtained from the Radiochemical 
Centre (Amersham, U.K.), egg yolk phospholipids 
from Fluka, cardiolipin from Avanti-Polar Lipids, 
Triton X-114 and N-ethylmaleimide from Serva. 
Mitochondrial phospholipids were isolated by the 
procedure described in Ref. 13. All the other 
reagents were of the highest purity commercially 
available. 

Incubation with ANPP. Pig-heart mitochondria 
were prepared as described in Ref. 14 and stored 
at — 70°C. For the incubation with ANPP, thawed 
mitochondria were washed twice in 250 mM 
sucrose/10 mM Tris-HCl! (pH 6.8)/1 mM 
EGTA/1 mM NaF, resuspended in the same 
medium at a concentration of 10 mg protein/ml 
and then incubated with the indicated concentra- 
tions of ANPP at 0°C in the dark. After 30 min, 
aliquots were transferred into glass tubes and il- 
luminated with a 250 W Osram Halogen lamp for 
15 min at 0°C as described in Ref. 12, while the 
rest was kept in the dark. To prevent cleavage of 
ANPP, NaF was included in the incubation buffer 
to inhibit potential phosphatase activity [12,15]. In 
control experiments it was shown that NaF has no 
effect on the phosphate carrier activity. After the 
incubation, the mitochondria treated with ANPP 
with or without illumination were washed twice in 
20 mM K H,PO,/20 mM KC1/2 mM EGTA (pH 
6.5). In the experiments where the transport of 
phosphate was measured by the swelling tech- 
nique, freshly prepared mitochondria were in- 


cubated with ANPP and ANPP-treated mitochon- 
dria were directly transferred into the assay mix- 
ture. 

Isolation of the phosphate carrier. It was per- 
formed as described previously [6], except that the 
mitochondria were solubilized by 2% Triton X-114 
at a final concentration of 15 mg protein/ml. 

Incorporation of the phosphate carrier into lipo- 
somes. Liposomes were prepared as described pre- 
viously [6] by sonication of a mixture of 80 mg/ml 
egg yolk phospholipids and 20 mg/ml mitochon- 
drial phospholipids in a buffer containing 50 mM 
KCI/20 mM Hepes/1 mM EDTA (pH 6.5). In 
the experiments where the phosphate-phosphate 
exchange was measured, 20 mM phosphate was 
also included in the sonication buffer. 

The phosphate carrier protein was incorporated 
into liposomes by the freeze-thaw-sonication pro- 
cedure [16,17]. 1 ml liposomes was mixed with 50 
ul mitochondrial extract or hydroxyapatite eluate. 
After 2 min at 0°C the mixture was frozen in 
liquid N,, thawed in a water bath at 15°C and 
then pulse-sonicated (0.3 s sonication, 0.7 s inter- 
mission) for 6.0 s at 0°C. 

Assay of phosphate transport. In mitochondria 
the transport of phosphate was assayed by moni- 
toring the rate of mitochondrial swelling, i.e., by 
recording the decrease in absorbance at 546 nm of 
the mitochondrial suspension in 100 mM am- 
monium phosphate [18,19] with an Eppendorf 
photometer model 1101 M. Alternatively, phos- 
phate transport in intact mitochondria was as- 
sayed by measuring the uptake of [**P]phosphate 
by the inhibitor stop method [20]. Mitochondria (2 
mg/ml) were incubated at 0°C in 100 mM KC1/20 
mM Tris-HCl (pH 6.5)/1 mM EGTA/1 pg per 
ml rotenone/20 mM butylmalonate (to inhibit the 
dicarboxylate carrier which is also able to trans- 
port phosphate). The uptake was started by ad- 
ding 0.5 mM [°?P]phosphate and stopped 5 s later 
with 1 mM mersalyl. After rapid centrifugation of 
the mitochondria, the radioactivity was counted 
and the amount of substrate incorporated into the 
matrix space was calculated as described [20]. 

In order to measure phosphate transport in 
proteoliposomes, proteoliposomes prepared in the 
presence or in the absence of 20 mM phosphate 
were distributed in Eppendorf cups (160' ul each) 
and equilibrated at 25°C. After 4 min they were 


used for exchange or uptake measurements, re- 
spectively, essentially as described previously [6]. 
Transport was initiated by adding carrier free 
[**P]phosphate (exchange) or the indicated con- 
centrations of [°*P]phosphate (uptake) and was 
stopped after 1 min by the addition of 2 mM 
N-ethylmaleimide. In control samples N-ethyl- 
maleimide was added 30 s before the labeled 
substrate. To remove the external radioactivity 
each sample was applied to a Dowex AGI1-X8 
column, chloride-form (0.5 x 4 cm equilibrated 
with 170 mM sucrose), The liposomes, eluted with 
1.2 ml 170 mM sucrose, were collected and 
counted. The activity of phosphate uptake or 
phosphate-phosphate exchange was calculated by 
subtracting the control values from the experimen- 
tal samples. 

SDS-gel electrophoresis. Polyacrylamide slab gel 
electrophoresis of acetone-precipitated samples 
was performed in the presence of 0.1% SDS 
according to Laemmli [21]. The stacking gel con- 
tained 5% polyacrylamide and the separation gel 
contained 17.5% acrylamide and an acrylamide- 
to-bisacrylamide ratio of 150. Staining with 
Coomassie blue R 250 and destaining were carried 
out according to Downer et al. [22]. Autoradiogra- 
phies were performed making use of Kodak X- 
OMAT S films. Gel slices 1 mm thick were digested 
by 0.6 ml 15% H,O, at 70°C for 8 h [23], were 
mixed with 4 ml of scintillation mixture (Maxi- 
fluor Baker, The Netherlands) and counted. 

Other methods. Protein was determined by the 
Lowry method modified as described in Ref. 24 
and adapted to the presence of Triton [25]. To 
measure the binding of [**P]JANPP to the phos- 
phate carrier, preparations of purified carrier ob- 
tained from [**PJANPP-treated mitochondria were 
delipidated [26] and assayed for radioactivity. Al- 
ternatively, the [°?P]ANPP binding was measured 
by dissolving [23] the protein bands, obtained 
from SDS gels, corresponding to the purified 
phosphate carrier and counting the radioactivity. 


Results 


Inhibition of the phosphate carrier by ANPP without 
illumination 

In preliminary experiments the effect of ANPP 
on the transport of phosphate was tested in intact 
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mitochondria without illumination. It was found 
that ANPP inhibits the uptake of [**P}]phosphate 
catalyzed by the phosphate carrier, causing 50% 
inhibition at a concentration of approx. 4 mM. 

In order to analyze the inhibition of the phos- 
phate carrier caused by ANPP in the dark, the 
influence of this inhibitor on the rate of phosphate 
transport must be determined. Since the rate of 
phosphate uptake in mitochondria is very high 
and cannot be measured accurately without the 
use of rather sophisticated apparatus [20,27], we 
have studied the effect of ANPP on phosphate 
transport in reconstituted liposomes. The recipro- 
cal plot presented in Fig. 1 shows that ANPP 
inhibits the transport of phosphate in a competi- 
tive manner with respect to the substrate. The K, 
can be determined to be 3.2 mM. In contrast, 
under the same experimental conditions, ANP, the 
non phosphorylated analogue of ANPP, shows no 
effect on phosphate transport in reconstituted 
liposomes (not shown). 
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Fig 1. Competitive inhibition of phosphate transport by ANPP 
in the dark. The mitochondria were solubilized with Tnton 
X-114 and the extract was incorporated into liposomes. The 
activity of phosphate transport was measured ın reconstituted 
liposomes. The reaction mixture contained the indicated con- 
centrations of [°*P]phosphate and, where indicated, 2.8 mM 
ANPP added together with the labeled substrate. Reaction 
time: 1 min; temperature: 25°C V is expressed ın pmol/ min 
per mg protein. W, with ANPP; @, without ANPP. ANPP has 
no effect on the radioactivity associated to control samples, 
Le, with the stop inhibitor added before the labeled substrate. 
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Inhibition of the phosphate carrier by ANPP upon 
illumination 

As an azido compound, ANPP can react with 
proteins after photoactivation and formation of a 
nitrene intermediate. Thus the effect of ANPP on 
the transport of phosphate in intact mitochondria 
was investigated upon illumination. As a control, 
ANP was also tested. Pig heart mitochondria were 
incubated in the dark at 0°C in the presence of 
1.4 mM ANPP or ANP and in the absence of 
phosphate. After 30 min an aliquot of the incuba- 
tion was subjected to photoirradiation for 15 min 
at 0°C, while the rest was kept in the dark. Both 
portions were then tested for phosphate-transport 
activity by the swelling technique, i.e., in the pres- 
ence of a very high concentration of phosphate. 
The results illustrated in Fig. 2A show that both 
ANPP and ANP when used in the dark do not 
have any effect on the swelling of mitochondria in 
the presence of 100 mM ammonium phosphate. 
When, on the other hand, mitochondria were il- 
luminated in the presence of the azido com- 
pounds, ANPP strongly inhibits the rate of swell- 
ing, whereas ANP still has no effect (Fig. 2B). The 
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Fig. 2. The effect of ANPP and ANP, in the dark and upon 
illumination, on turbidity changes corresponding to swelling of 
mitochondria in ammonium phosphate. Freshly prepared 
mitochondria were incubated with 1.4 mM ANPP (curves 3) or 
ANP (curves 2) with and without illumination 0.5 mg 
mitochondrial protein were transferred to cuvettes containing 
05 ml of 100 mM ammonium phosphate, 10 mM Tris-HCl, 1 
g rotenone (pH 7.4). Temperature: 25°C. (A) without il- 
lumination; (B) with illumination. Curves 1, controls without 
addition of ANPP or ANP. 


striking difference between the effect of ANPP on 
the mitochondrial swelling in 100 mM phosphate 
under illumination and its lack of effect in the 
dark demonstrates the formation of an irreversible 
modification of the phosphate carrier by ANPP 
during irradiation. Furthermore, the failure of 
ANP to inhibit the phosphate carrier even in the 
presence of light indicates that the phosphate 
group and not the hydrophobic part of ANPP is 
important for the interaction between the inhibi- 
tor molecule and the phosphate carrier. 

Fig. 3 illustrates the dependence of the light-in- 
duced ANPP inhibition of the phosphate carrier 
on the concentration of the inhibitor. In these 
experiments mitochondria were illuminated in the 
presence of ANPP. After washing of the 
mitochondria in the presence of an excess of phos- 
phate, the membranes were solubilized with Triton 
X-114 and the activity of the reconstituted phos- 
phate transport was measured in liposomes. The 
results show that the inhibition of the phosphate- 
phosphate exchange activity increases with in- 
creasing concentrations of ANPP (Fig. 3), re- 
aching a value of 76% at 1.6 mM ANPP. As a 
control, Fig. 3 shows that the activity of the 
phosphate carrier is not influenced by ANPP 
without photoirradiation, in agreement with the 
finding that the inhibition by ANPP in the dark is 
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Fig 3 Concentration dependence of the inhibition of the 
phosphate-phosphate exchange activity by ANPP in the dark 
and upon illumination. Mitochondria incubated with the indi- 
cated concentrations of ANPP with (@) or without (m) il- 
lumination were washed 1n the presence of an excess of phos- 
phate before solubilization. The activity was measured in lipo- 
somes reconstituted with Triton X-114 mitochondrial extracts. 
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reversible (Fig. 1 and 2A). It should also be pointed 
out that photoirradiation of the mitochondria 
alone, i.e., in the absence of ANPP, does not 
affect the phosphate carrier (not shown). 

It is known that the binding affinity of phos- 
phate for the phosphate carrier increases on lower- 
ing the pH [28]. It was therefore interesting to 
investigate also the pH dependence of the light-in- 
duced inhibition of the phosphate carrier by 
ANPP. For this purpose, mitochondria were il- 
luminated in the presence of 0.3 mM ANPP at 
different pH values. After washing and solubiliza- 
tion of the mitochondria, phosphate-transport ac- 
tivity was measured at the same pH of 6.5 in 
liposomes reconstituted with the different mito- 
chondrial extracts. It was found that the inhibition 
of the phosphate carrier by ANPP in the light 
increases substantially on lowering the pH from 
7.4 to 6.4 (data not shown). In a typical experi- 
ment, the residual activity of the phosphate carrier 
treated with 0.3 mM ANPP was 73% at pH 7.0 
and only 32% at pH 6.4. Correspondingly, the 
amount of [**PJANPP bound to the purified phos- 
phate carrier was increased from 0.14 to 0.29 
mol/mol of carrier protein. 


Protein labeling by [°°P] ANPP 

In order to identify the mitochondrial proteins 
labeled by ANPP, the SDS-extract, the Triton 
X-114 extract and the purified phosphate carrier 
obtained from [*? PJANPP photolabeled mitochon- 
dria were subjected to SDS-polyacrylamide gel 
electrophoresis. The radioactive-labeled proteins 
were then identified by autoradiography. Lanes 4 
of Fig. 4A and B show that [**PJANPP is bound 
to the purified phosphate carrier which corre- 
sponds to a single band of an apparent molecular 
weight of 33 kDa. Among the other protein bands 
present in the SDS or Triton X-114 extracts of 
mitochondria only two are substantially labeled 
(Fig. 4, lanes 2 and 3). On the basis of their 
staining intensity and their molecular weight, they 
can be identified as the ADP/ATP carrier (30 
kDa) and the -subunit of the F,-ATPase complex 
(50 kDa). The labeling of the latter by [°> PJANPP 
has been reported by Lauquin et al. [12]. 

On the basis of the competition experiments it 
can be assumed that ANPP binds to the phos- 
phate carrier at the substrate-binding site. There- 








Fig. 4. Labeling of the phosphate carrier by |**PJANPP. SDS- 
polyacrylamide gel electrophoresis (A) and autoradiography 
(B) of the SDS extract (lanes 2), the Triton X-114 extract (lanes 
3) and the purified phosphate carner (lanes 4) obtained from | 
mM [*?PJANPP photolabeled mitochondria. Lanes 1, marker 
proteins (bovine serum albumin, carbonic anhydrase, cyto- 
chrome c). 


fore, it was necessary to test whether phosphate 
correspondingly protects the phosphate carrier 
from inactivation and labeling by [**PJANPP. Fig. 
5 shows that, in fact, the light-induced inhibition 
of the phosphate-transport activity by 0.8 mM 
ANPP is progressively suppressed by the presence 
of increasing concentrations of phosphate during 
photoirradiation. A nearly complete protection is 
achieved in the presence of 10 mM phosphate. 
The specificity of the protection of the phosphate 
carrier against ANPP inactivation was investi- 
gated by testing the effect of several anions. As 
shown in Fig. 5, sulphate up to 20 mM has no 
protective effect. Similarly ADP, malate, citrate 
and 2-oxoglutarate have virtually no effect on the 
inhibition of the phosphate carrier by ANPP (not 
shown). In contrast, arsenate, which is known to 
be a substrate of the phosphate carrier in 
mitochondria [29], exhibits a significant protec- 
tion, although lower than that exerted by phos- 
phate. Under the conditions of Fig. 5, the inhibi- 
tion of the phosphate-transport activity caused by 
0.8 mM ANPP is reduced to 23% by 20 mM 
arsenate. 

The observed protection by phosphate against 
inhibition by ANPP is accompanied by a decreased 
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Fig. 5. Effect of phosphate and sulphate on the light-induced 
inhibition of the phosphate carrier by ANPP. The indicated 
concentrations of phosphate (@) or sulphate (M) were present 
during the incubation of the mitochondria with 0.8 mM ANPP 
in the light. The activity was measured as in Fig. 3. 


labeling of the carrier. Thus the radioactivity asso- 
ciated with the phosphate carrier purified from 
[° P]JANPP photolabeled mitochondria is much 
less in the presence of phosphate during photo- 
irradiation than in its absence (Fig. 6). 
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Fig. 6. (>*PJANPP labeling of the phosphate carrier in the 
presence and absence of phosphate. The mitochondna were 
illuminated in the presence of 1 mM [**PJANPP with and 
without 20 mM phosphate. The phosphate carrier was purified 
and subjected to SDS gel electrophoresis. The distribution of 
radioactivity was determined after staining, destaining and 
slicing the gels. The histograms show [**Plincorporation in the 
presence and absence of phosphate. For fractions 1-41 and 
47-80 only the values of radioactivity obtained in the absence 
of phosphate are reported, since those in the presence of 
phosphate are not significantly different. Fractions 42—45 cor- 
responding to an M, of 33000 are the only ones which were 
stained by Coomassie blue. 
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Fig. 7. Inhibition of the phosphate-phosphate exchange activity 
as a function of the amount of [?*PJANPP bound to the 
phosphate carrier. Mitochondria were photolabeled by differ- 
ent concentrations of [° P]ANPP. After purification of the 
phosphate carrier the activity was measured in proteo- 
liposomes, The amount of [**P]ANPP bound (mol/mol pro- 
tein) was determined by counting the radioactivity of the 
purified carrier preparations after delipidation (@) or gel elec- 
trophoresis (W) and assuming a molecular weight of the carrier 
of 33 kDa. 


Stoichiometry of [7*P] ANPP binding 

The stoichiometry of ANPP binding to the 
phosphate carrier was investigated by incubating 
the mitochondria with increasing concentrations 
of [°*P]JANPP in the presence of light. After wash- 
ing of the mitochondria, the phosphate carrier was 
solubilized and purified. Both the amount of 
[**P]ANPP bound to the protein and the transport 
activity in the reconstituted system were de- 
termined. The results are reported in Fig. 7. If the 
data correlating binding and extent of inhibition 
are extrapolated to 100% inhibition a maximal 
binding of 0.35 mol of [° P]ANPP per mol of 33 
kDa phosphate carrier protein is obtained. 


Discussion 


It has been demonstrated in this paper that 
ANPP can be used as photoaffinity label for the 
phosphate carrier of mitochondria. When mito- 
chondria are incubated with ANPP and then il- 
luminated, the phosphate carrier is irreversibly 
modified. It 1s interesting to note that ANPP is 
able to inhibit the transport of phosphate in 
mitochondria and in proteoliposomes even without 
illumination. The inhibition is correlated with the 
amount of inhibitor used. Almost 80% inhibition 


is achieved when mitochondria are treated with 
1.6 mM ANPP in the light (Fig. 3). Since azido 
derivatives show an unspecific reactivity towards 
aminoacid side-chains, it was important to see 
whether the observed inhibition was the result of a 
random modification of the carrier by the azido 
moiety of the label. The results obtained by im- 
cubating the mitochondria with ANP, the non- 
phosphorylated analogue of ANPP, both in the 
dark and in the light, clearly demonstrate that the 
presence of the phosphate group 1s an essential 
requirement for the label molecule to inhibit the 
transport of phosphate. Thus we can suggest that 
ANPP reacts at the phosphate-binding site of the 
phosphate carrier. This suggestion is supported by 
the kinetic data of Fig. 1. In fact when ANPP is 
incubated in the dark with the reconstituted phos- 
phate carrier the label inhibits the transport of 
phosphate in a competitive manner. This can easily 
explain why ANPP, if used in the dark, shows no 
inhibition when the uptake of phosphate is mea- 
sured by the swelling technique. Swelling of 
mitochondria is in fact measured in the presence 
of 100 mM phosphate, whose high concentration 
is able to remove ANPP inhibition. Since ANPP 
behaves as a competitive inhibitor, one should 
expect that phosphate is also able to protect the 
phosphate carrier against the inactivation caused 
by ANPP in the light. Indeed we have found that 
the transport of phosphate is not inhibited when 
the mitochondria are illuminated with ANPP in 
the presence of at least 10 mM phosphate (Fig. 5). 
The protective effect of phosphate shows again 
that ANPP reacts with the phosphate carrier at 
the phosphate-binding site. Moreover, among 
several other anions tested, only arsenate, which is 
also a substrate for the phosphate carrier [29], is 
able to prevent the inhibition of phosphate trans- 
port by ANPP. It is interesting to note that the 
inhibition of phosphate transport by ANPP is 
pH-dependent. At lower pH values the label shows 
a stronger inhibitory effect. This result could be 
explained by the increased affinity of the phos- 
phate group at lower pH, since it has been shown 
that the K,, of phosphate for the phosphate car- 
rier decreases on lowering the pH of the medium 
[28]. In this respect it is possible to suggest that 
positive charges are important for the recognition 
of the substrate at the substrate-binding site of the 
protein. 
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In order to ascertain how many molecules of 
the reagent become bound to the phosphate car- 
rier at maximal inhibition of transport, 7*P-radio- 
active ANPP has been used. Incubation of the 
mitochondria with [**PJANPP in the presence of 
light results in the labeling of the phosphate car- 
rier and, in addition, of the ADP/ATP transloca- 
tor and the f-subunit of the F,-ATPase complex 
(Fig. 4). The latter result is in agreement with the 
finding of Lauquin et al., who used ANPP to label 
the phosphate-binding site of the F,-ATPase 
[12,30]. When the labeling is carried out in the 
presence of phosphate the amount of [**PJANPP 
bound to the phosphate carrier is drastically re- 
duced (Fig. 6). Phosphate also protects the 8-sub- 
unit of the ATPase and, less efficiently, the 
ADP/ATP translocator against labeling (results 
not shown). Conversely, ADP shows a protective 
effect on the ADP/ATP carrier and the F,-ATPase 
complex, but not on the phosphate carrier. Corre- 
lation of the [**PJANPP incorporation into the 
purified phosphate carrier with the activity inhibi- 
tion indicates that at 100% inhibition only 0.35 
mol of ANPP are bound per mol of 33 kDa carrier 
protein. This result could be explained by assum- 
ing that the phosphate carrier exists in an 
oligomeric structure formed by two identical sub- 
units. However, the amount of ANPP bound per 
protein may be underestimated for at least two 
reasons: (a) the phosphate group of the label may 
be partly hydrolyzed as reported by Lauquin et al. 
[12], and (b) some molecules of the carrier may 
not have reacted with ANPP. A stoichiometry of 
1:1 can therefore not be excluded by the present 
results. In conclusion, we have shown that ANPP 
is a suitable label. to characterize the phosphate- 
binding site of the mitochondrial phosphate car- 
rier. We are currently investigating the location 
and the modified aminoacid(s) in the primary 
structure of the phosphate carrier. 
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The sodium-transport respiratory chain NADH: quinone reductase of a marine bacterium, Vibrio alginolyti- 
cus, was purified by high-performance liquid chromatography. The purified quinone reductase, which 
catalyses the reduction of ubiquinone to ubiquinol, was composed of three subunits, œ, B and y, with 
apparent molecular weights of 52000, 46000 and 32 000, respectively. The subunit B contained one molecule 
of FAD per molecule and catalysed the reduction of ubiquinone to ubisemiquinone. The subunit a contained 
FMN as a prosthetic group. The quinone reductase was reconstituted from a and By, but not from a and B, 
and the maximum activity was obtained at the equimolar amounts of FAD(B) and FMN(a). The molecular 
weight of quinone reductase complex was estimated to be 254000, which corresponded to a dimer of aBy 
complex or a,B,7,. The subunit y increased the affinity of B for ubiquinone-1. The reaction catalysed by 
FMN-containing a-subunit was essential for the generation of membrane potential in proteoliposomes and 
the coupling site of sodium pump in the quinone reductase was localised to this reaction step. 


Introduction and the reduction of ubiquinone to ubiquinol was 


found to proceed via ubisemiquinone radicals [7]. 


A marine bacterium, Vibrio alginolyticus, has a 
respiratory chain-coupled Na* extrusion system 
functioning at alkaline pH [1,2]. The respiratory 
chain NADH: quinone reductase of this bacterium 
requires Na* for the maximum activity [3,4] and 
the Na*-dependent quinone reductase has been 
shown to be tightly coupled to the extrusion of 
Na* [5,6]. The quinone reductase was partially 
purified from the membrane of V. alginolyticus 


Abbreviations: Q-1, ubiquinone-1; HQNO, 2-n-heptyl-4-hy- 
droxyquinoline N-oxide; oxonol VI, bis(3-propyl-5-oxoisoxa- 
zole-4-yl)pentamethineoxonol 


Correspondence: T Unemoto, Department of Membrane Bio- 
chemistry, Research Institute for Chemobiodynamics, Chiba 
University, 1-8-1 Inohana, Chiba 280, Japan. 


The reduction of ubiquinone to ubisemiquinone 
was Catalysed by a flavoprotein, NADH dehydro- 
genase. Very recently, we have shown that in 
addition to FAD-containing NADH dehydro- 
genase, another flavoprotein containing FMN is 
required for the quinone reductase activity [8]. In 
this paper, we report the subunit composition and 
the role of subunits in the sodium-transport 
quinone reductase of V. alginolyticus. 


Materials and Methods 


Chemicals. Liponox DCH, an alkyl poly- 
oxyethylene ether detergent having average alkyl 
chain and polyoxyethylene chain lengths of 10 and 
8, respectively, was kindly supplied by Lion Co., 
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Kanagawa, Japan. Ubiquinone-1 (Q-1) was kindly 
supplied by Eizai Co., Tokyo, Japan. 2-n-Heptyl- 
4-hydroxyquinoline N-oxide (HQNO) and L-a- 
phosphatidylcholine from soybean, Type IV-S, 
were obtained from Sigma. Bis(3-propyl-5-oxoi- 
soxazole-4-yl)pentamethine-oxonol (oxonol VI) 
was obtained from Molecular Probes, Inc., OR. 

Enzyme assays. NADH dehydrogenase was as- 
sayed at 30°C from the decrease in absorbance at 
340 nm with menadione as an electron acceptor as 
described in Ref. 7. Quinone reductase was as- 
sayed at 30°C by following the formation of 
reduced Q-1 from the changes in absorption dif- 
ference at the wavelength pair, 248-267 nm, as 
described [7]. Since the membrane and Liponox 
extract contain quinol oxidase activity, the quinone 
reductase of these fractions was assayed in the 
presence of 10 mM KCN. 

One unit of activity is defined as the amount of 
enzyme catalysing the oxidation of 1 pmol NADH 
or the reduction of 1 pmol Q-1 per min. 

High-performance liquid chromatography. Pre- 
packed high-performance columns were obtained 
from Toyo Soda Manufacturing Co., Tokyo, 
Japan. Gel chromatography with a TSK-gel 
G3000SWG column (21.5 X 600 mm) and ton-ex- 
change chromatography with a TSK-gel DEAE- 
SPW (21.5150 mm) were performed as de- 
scribed previously [8]. 

Determination of molecular weight of quinone 
reductase complex. The molecular weight of the 
reductase complex was determined by means of a 
low-angle laser light scattering combined with 
high-performance gel chromatography as de- 
scribed by Maezawa and Takagi [9]. In this experi- 
ment, TSK-gel G4000SW (7.5 x 600 mm) and 
G3000SW (7.5 x 600 mm) columns were con- 
nected in series and it was equilibrated and devel- 
oped with 20 mM Tris-HCl (pH 7.0)/0.1 M 
NaCl/5% glycerol/0.1 mM EDTA/0.1% Lipo- 
nox. The eluate was monitored successively by an 
ultraviolet spectrophotometer UV-8000 (Toyo 
Soda), a precision differential refractometer RI- 
8000 (Toyo Soda) and by a low-angle laser light 
scattering photometer model LS-8000 (Toyo Soda). 
The molecular weight of protein moiety of the 
reductase complex was calculated according to 
Maezawa and Takagi [9]. The instrument con- 
stants were determined by use of monomer, dimer 


and trimer of bovine serum albumin as standards. 

Preparation of proteoliposomes. Proteoliposomes 
containing quinone reductase were prepared by a 
cholate-deoxycholate dialysis procedure according 
to Sone et al. [10]. L-«-Phosphatidylcholine from 
soybean, Type IV-S, which contains about 40% of 
phosphatidylcholine, was used without further 
purification. The phospholipids were suspended in 
the medium containing 2% sodium cholate, 1% 
sodium deoxycholate, 10 mM Hepes-NaOH (pH 
7.6) and 0.2 mM EDTA at the concentration of 50 
mg/ml, and then it was subjected to sonic oscilla- 
tion in a bath-type sonicator. The phospholipid 
solution (0.4 ml) and the enzyme solution (0.1 ml) 
were combined and the mixture was dialysed 
against 250 ml of solution containing 10 mM 
Hepes-KOH (pH 7.6)/2.5 mM MgSO,/0.2 mM 
EDTA with stirring for 20 h at room temperature. 

Measurement of membrane potential. The gener- 
ation of membrane potential, positive inside, in 
proteoliposomes was monitored by an absorbance 
band shift of oxonol VI [11,12] at 625-587 nm 
with a Hitachi 557 two-wavelengths spectropho- 
tometer. 

Other methods. Flavins were identified by thin- 
layer chromatography on silica gel [8], and FAD 
and FMN contents were determined by the method 
of Faeder and Siegel [13]. SDS-polyacrylamide gel 
electrophoresis was performed by the method of 
Laemmli [14]. Gels were stained with Coomassie 
brilliant blue G-250 and then scanned by using a 
Shimazu dual-wavelegth chromato-scanner, CS- 
910, at 590-440 nm. 

Kinetic constants and their standard errors were 
calculated as described previously [7]. 

Protein was determined by the method of Lowry 
et al. [15] with bovine albumin as a standard. The 
method of Bradford [16] was also employed for 
the determined of purified enzyme protein and the 
dye reagent was obtained from Bio-Rad Laborato- 
ries. 


Results 


Purification of quinone reductase 

In our previous paper [7], we have shown that 
rechromatography of the quinone reductase on 
QAE-Sephadex leads to a partial dissociation of 
the reductase complex into subunits. Therefore, a 


high-performance liquid gel chromatography was 
employed to remove impurities as much as possi- 
ble and then the reductase complex was applied to 
an ion-exchange column. 

The purification procedure has been outlined in 
our recent paper [8]. Briefly, the quinone re- 
ductase was extracted from the membrane frac- 
tion of V. alginolyticus with 1% Liponox in the 
presence of 10% glycerol as described in Ref. 7. 
The Liponox extract was applied to DEAE-Sep- 
hacel column and the reductase was eluted with 
0.3 M NaCl (DEAE-Sephacel fraction). This frac- 
tion was applied to a TSK-gel G3000SWG gel 
column as described in Ref. 8. This step may be 
repeated to increase the specific activity of quinone 
reductase. The peak fraction was collected (SWG 
fraction) and then it was applied to TSK-gel 
DEAE-5PW. 

Fig. 1 is the result of DEAE-SPW chromatogra- 
phy. The quinone reductase, which catalyses the 
reduction of ubiquinone to ubiquinol [7], was 
eluted at 61.5 min and the NADH dehydrogenase, 
which catalyses the reduction of Q-1 to ubisemi- 
quinone [7], was eluted at 65.5 min. The relative 
amounts of the two enzymes varied depending on 
preparations and a prolonged storage of the sam- 
ple increased the amount of NADH dehydro- 
genase. 

Table I is a typical result of purification. The 
purified quinone reductase with the specific activ- 
ity of 112 units/mg protein showed a high NADH 
dehydrogenase activity (181 units/mg protein). 
On the other hand, the NADH dehydrogenase 
with the specific activity of 255 units/mg protein 
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Fig. 1 TSK-gel DEAE-5PW chromatography. About 28 mg 
protein of second SWG fraction was applied to the column 
and it was eluted by a linear gradient from 01 to 055 M NaCl 
at the flow rate of 3 ml/min The enzyme activities of eluate 
were measured by the NADH dehydrogenase assay (O) and by 
the quinone reductase assay (@) as described under Materials 
and Methods The activity 1s expressed in units/ml. The dotted 
line denotes the absorbance of eluate at 280 nm QR, quinone 
reductase; DH, NADH dehydrogenase. 


showed only a slight quinone reductase activity. 
Further purification of NADH dehydrogenase 
with Bio-Gel HTP as described in Ref. 7 gave a 
highly purified enzyme with the specific activity of 
390 units/mg protein, which showed no quinone 
reductase activity. Apparently, the NADH dehy- 
drogenase was a component of the quinone re- 
ductase and was separated from the reductase 
complex during purification. 


Subunit composition and flavin content of quinone 
reductase 

Fig. 2 is the densitometric scans of stained 
bands of SDS-polyacrylamide gel electrophoresis. 
The three polypeptide components, designated as 


TABLE I 

PURIFICATION OF QUINONE REDUCTASE AND NADH DEHYDROGENASE FROM THE MEMBRANE OF VIBRIO 

ALGINOLYTICUS 

Fraction Protein Quinone reductase assay NADH dehydrogenase assay 

(mg (umts) (U/mg) (umts) (U/mg) 

1. Membrane 6440 8040 1.25 15485 2 40 

2. Liponox extract 1054 3544 3.36 6038 5 73 

3 DEAE-Sephacel 416. 2958 TAL 5118 123 

4, First SWG 35.5 1159 327 1983 559 

5. Second SWG 14.0 753 53.8 1292 92.3 

6 DEAE-5PW 
Quinone reductase 3.1 346 112 561 181 
NADH dehydrogenase 12 14 117 306 255 
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Fig. 2. Densitometer trace of SDS-polyacrylamide gel electro- 
phoresis of purified enzyme on 10% acrylamide gel. The gel 
was Stained and then scanned as described under Materials 
and Methods. The samples analysed, with specific activities in 
parentheses, were: (a) quinone reductase from DEAE-5PW 
(112); (b) NADH dehydrogenase from DEAE-5PW (255); (c) 
the a fraction from DEAE-5PW; (d) NADH dehydrogenase 
further purified by Bio-Gel HTP (390) The molecular weights 
of standard proteins are indicated in thousands 


a, B and y, were concentrated in the quinone 
reductase (Fig. 2a). The plots of log relative mobil- 
ities of these subunits versus gel concentrations, 
namely Ferguson plots, showed no anomalous 
behavior and the apparent molecular weights of a, 
B and y were estimated to be 52000, 46000 and 
32000, respectively. The NADH dehydrogenase 
from DEAE-5PW (Fig. 2b) contained B and y. 
However, the enzyme further purified by Bio-Gel 
HTP (Fig. 2d) contained a single polypeptide band 
B, indicating that the subunit B is NADH dehy- 
drogenase. 

The highly purified NADH dehydrogenase with 
the specific activity of 390 units/mg protein con- 
tained 21.3 nmol FAD /mg protein [8]. The molec- 
ular weight per FAD molecule was calculated to 
be 47000, which was very similar to that of B 
(46000). This means that B subunit contains one 
FAD molecule per molecule. 

The subunit « was surveyed by means of the 
appearence of quinone reductase activity in com- 
bination with By as well as the detection of an a 
band on SDS-polyacrylamide gel electrophoresis. 
As shown in Fig. 1, the protein peak eluted at 29 
min corresponded to a fraction. This fraction 


contained FMN as a prosthetic group at the con- 
centration of 8.8-10.3 nmol/mg protein. As shown 
in Fig. 2c, this fraction still contained a broad 
polypeptide band as a contaminant, which ap- 
peared in front of y. 

Assuming that the color density of stained band 
is proportional to the amount of polypeptides, the 
weight ratio a: B: y of the quinone reductase was 
calculated from the each peak area of Fig. 2a to be 
1.25:1:0.84. If the quinone reductase was com- 
posed of equimolar quantities of a, B and y, the 
weight ratio a:ß:y can be calculated to be 
1.13:1:0.70 from their molecular weights. These 
values were very close to the estimated values. On 
the other hand, the NADH dehydrogenase from 
DEAE-S5PW (Fig. 2b) contained B and y in the 
ratio 1: 0.46. The ratio of y to B, however, varied 
from 0.24 to 0.54 depending on preparations, sug- 
gesting that y was likely to be lost from the 
complex especially in the absence of «. 

The purified quinone reductase contained FAD 
and FMN in equimolar quantities amounting to 
6.6-7.2 nmol each flavin/mg protein. The flavin 
content corresponded to a minimum molecular 
weight of 150000-140000/each flavin molecule. 
Since the sum total of a+ B + y is 130000, these 
results also strongly suggested that the quinone 
reductase contains a, B and y in equimolar quan- | 
tities. 


Determination of molecular weight of quinone re- 
ductase complex 

The molecular weight of purified quinone re- 
ductase complex in 0.1% Liponox solution was 
determined by means of a low-angle laser light 
scattering combined with high-performance gel 
chromatography as described under Materials and 
Methods. As shown in Fig. 3, the quinone re- 
ductase complex was eluted as a single peak at a 
retention time of 35.5 min. The first peak observed 
only for the tracing of light scattering photometer 
(LS) was due to contaminated large particles or 
small air-bubbles. No other active species were 
detected in the eluate. The extinction coefficient at 
280 nm for quinone reductase was estimated to be 
1.85 ml-mg~!-cm~+. From the values of output 
of each detector, the molecular weight of protein 
moiety of the complex was calculated to be 254000. 
This value was twice that of a + B + y, indicating 
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Fig. 3. Elution pattern of quinone reductase complex in 01% 
Liponox The quinone reductase (83 pg) in 300 pl of the 
elution buffer was applied to the column and ıt was eluted at 
the flow rate of 0.8 ml/min The eluate was monitored succes- 
sively by the ultraviolet spectrophotometer at 280 nm (UV), 
the differential refractometer (RI) and by the laser light 
scattering photometer (LS). The tracings in the figure were 
adjusted so as to compensate time-lags among recordings of 
each monitor Gain setting: ultraviolet monitor, 0.64 full scale, 
RI monitor, 128-107 °; LS monitor, x 32. 


that the active reductase complex exists as a dimer 
of aBy or a,B,7, in 0.1% Liponox solution. 


Reconstitution of quinone reductase 

The a fraction by itself showed no enzyme 
activity, but the combination of a with By mani- 
fested the quinone reductase activity. Fig. 4 shows 


ak 


Quinone reductase 





Qa (FMN:pmo!) 

Fig. 4. Reconstitution of quinone reductase. By corresponding 
to 3.25 (@) or 65 (O) pmol FAD, or B corresponding to 3 6 
pmol FAD (i), was preincubated with varied amounts of a for 
30 min at 20°C m the medium contaimng 10 mM Tris-HCl 
(pH 7.9)/0.34 M NaCl/5% glycerol/0.1 mM EDTA/01% 
Liponox ın a total volume of 20 wl. After that, 2 ul of the 
reaction mixture was used for the quinone reductase assay 
under the standard conditions. The activity is expressed in 
units/nmol FAD. 
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the reconstitution of quinone reductase from a 
and By. In this experiment, the amount of subunit 
was expressed in flavin content and the reductase 
activity was expressed in units/nmol FAD. With 
the increase in a (FMN), the activity increased 
and reached the maximum value at the equimolar 
amounts of FAD and FMN. The optimum ratio 
was not affected by the amount of By(FAD) used 
for the reconstitution. These results further indi- 
cated that the quinone reductase complex is com- 
posed of equimolar amounts of FAD and FMN. 
As shown in fig. 4, the combination of B with a 
gave no significant reductase activity and the pres- 
ence of y subunits was essential for the reconstitu- 
tion of quinone reductase. 


Effect of y on the K,, value of B for Q-1 

We have shown that Q-1 functions as the sub- 
strate of NADH dehydrogenase and quinone re- 
ductase and that the apparent K,, value for Q-1 
of the former is considerably higher than that of 
the latter [7]. Therefore, the effect of y on the K,, 
value of B for Q-1 was examined. In this experi- 
ment, preparations of By differing in the ratio 
y: B were employed. As shown in Table II, the 
K,, Value of B in the absence of y was 11.7 pM, 
which decreased with the increase in the ratio 
y: 8. Although B and By used were prepared 
separately, the difference in the maximum velocity 
was small when expressed in units/nmol FAD. 
Apparently, y subunit affected the affinity of B 
for Q-1. On the other hand, the K,, value of 
quinone reductase complex (aBy) for Q-1 was 
very low amounting to about 0.2 pM. Due to the 


TABLE II 
EFFECT OF y ON THE K,, VALUE OF B FOR Q-1 


The reaction was carried out under the conditions of quinone 
reductase assay except for the variation of the concentration of 
Q-1. The initial velocity was determined from the rate of 
NADH consumption. The ratio y: B was determined from the 
ratio of color density of stained SDS-polyacrylamide gel. 


Subunit Ratio Kn valueforQ-1 Maximum velocity 


(Y/B) (BM) (U/nmol FAD) 
B 0 11.7 +1.0 42 +02 
By 0.25 5 31+0 46 6.73 +0.20 
By 0.46 2704+037 6 2740.25 
aBy 0.87 0.194017 21.6 +11 
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absence of purified y at present, the saturation 
level of y could not be determined. However, the 
increase of y to the level of quinone reductase 
seemed to decrease the K „ value of B close to 
that of aBy. In contrast to B and By, since the 
apy complex catalyses the reduction of Q-1 to 
ubiquinol, the maximum velocity obtained with 
aBy could not be directly comparable to those of 


B and By. 


Generation of membrane potential in proteolipo- 
somes 

Proteoliposomes containing quinone reductase 
complex were prepared by cholate-deoxycholate 
dialysis procedure and the generation of mem- 
brane potential, positive inside, was monitored by 
the absorbance band shift of oxonol VI. As shown 
in Fig. 5, the addition of NADH im the presence 
of Q-1 induced the oxonol response suggesting the 
generation of Aw, positive inside. The Aw was 
collapsed by the addition of 1 uM valinomycin or 
10 mM SCN™. In a separate experiment, the 
quinone reductase activity was monitored under 
the same conditions. As shown in Fig. 5, the initial 
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Fig 5. Oxonol VI response of proteoliposomes containing 
quinone reductase complex Proteoliposomes were prepared as 
described under Materials and Methods, which contained about 
5 mM K* inside the vesicles. The stock solution of proteo- 
liposomes contained 40 mg phospholipids and 36 pg quinone 
reductase (54 units/mg protein) per ml. The reaction mixture 
contained 10 mM Hepes-NaOH (pH 7 6)/2 mM MgSO, /50 
mM Na,S8O, /1 pM oxonol VI/7 pM Q-1/0.1 mM NADH/5 
ul proteoliposomes in a total volume of 2.0 ml. The reaction 
was started by the addition of NADH and the oxonol response 
was monitored at 625-587 nm (curve 1). In the curve 2, 25 yM 
menadione was used in place of Q-1. In a separate experiment, 
the quinol formation was monitored under the experimental 
conditions of curve 1 by following the absorbance changes at 
248-267 nm (curve 3). Valnomycin (Val) was used at the 
concentration of 1 pM. 


rate of quinol formation was 2.56 »M/min which 
corresponded to 28.4 units/mg protein. The 
oxonol response was dissipated with the consump- 
tion of Q-1, where all of Q-1 (7 yM) was converted 
to ubiquinol (Fig. 5). Further addition of Q-1 to 
the reaction mixture re-generated the Ay. Al- 
though not shown here, when the reaction was 
carried out in the K*-medium containing 50 mM 
K,S0O,/10 mM Hepes-KOH (pH 7.6), no Aw was 
generated. Under those conditions, the addition of 
50 mM Na* induced the oxonol response as well 
as the ubiquinol formation. These Nat-dependent 
reactions were completely inhibited in the pres- 
ence of 2.5 M HQNO. When menadione that 
accepts electrons from B(FAD) was used as an 
electron acceptor, no significant AW was gener- 
ated (Fig. 5). Apparently the Ay was generated in 
response to uniquinol formation and the Na*-de- 
pendent and HQNO-sensitive reaction catalysed 
by a(FMN) directly participated in the generation 
of Aw. l 


Discussion 


Earlier studies in this laboratory [7] have dem- 
onstrated that the Na*-dependent respiratory 
chain NADH: quinone reductase of V. alginolyti- 
cus catalyses the reduction of ubiquinone to ubi- 
quinol via ubisemiquinone radicals. The formation 
of ubisemiquinone is catalysed by NADH dehy- 
drogenase which has no specific requirement for 
Na* and is insensitive to HQNO. On the other 
hand, the latter reaction catalysing the formation 
of ubiquinol specifically requires Na* and is very 
sensitive to HQNO, that is a specific inhibitor of 
Na* pump [5]. In the present work, the highly 
purified quinone reductase was found to be com- 
posed of three polypeptide subunits a, B and y 
with apparent molecular weights of 52000, 46 000 
and 32000, respectively (Fig. 2). Among these 
subunits, B corresponds to NADH dehydrogenase 
and contains one molecule of FAD per molecule 
as a prosthetic group. Since By complex shows no 
quinone reductase activity, the FMN-containing 
subunit « apparently participates in the reaction 
catalysing the quinol formation. This reaction is 
Na*-dependent and HQNO-sensitive [7] and is 
essential for the generation of membrane potential 
in proteoliposomes (Fig. 5). Although a direct 


measurement of Na* transport has not been made 
in this experiment, the coupling site of Na* pump 
_ in the quinone reductase may well be localized to 
the reaction catalysed by the a subunit from its 
Nat-dependence and HQNO-sensitivity [5-7]. 

The attempt to isolate the y-subunit in a pure 
state was unsuccessful at present and the molecu- 
lar nature of y remains to be established. How- 
ever, it was apparent that y is essential for the 
quinone reductase (Fig. 4). Since the presence of y 
increases the affinity of B for Q-1 (Table ID, y 
seems to play an important role in, the interaction 
of ubiquinone with the complex as well as the 
electron transfer from B(FAD) to a(FMN). King 
[17] has reported the participation of ubiquinone- 
binding proteins in the Complex J, H and III of 
mitochondrial respiratory chain. These proteins 
have been considered to stabilize ubisemiquinone 
„and to dictate the location of Q sites in the redox 
reactions. Thus a is highly probable to be a kind 
of uniquinone-binding protein. 

With respect to subunit composition, the 
quinone reductase contains «, B and y in 
equimolar quantities. This conclusion was derived 
from the following findings: (1) the densitometric 
result of the stained SDS-polyacrylamide gel 
coincided with the presence of equimolar amounts 
of a, B and y (Fig. 2); (2) the quinone reductase 
contained equimolar amounts of FAD and FMN, 
and the maximum activity was reconstituted at the 
equimolar amounts of FAD and FMN (Fig. 4); 
(3) the molecular weight of the complex per each 
flavin coincided with that of a+ B + y (130000). 
To estimate the molecular weight of active quinone 
reductase complex, a low-angle laser light scatter- 
ing combined with high-performance gel chro- 
matography was employed. This method was 
developed by Takagi and his coworkers and was 
successfully applied to membrane proteins [18]. 
The active quinone reductase is eluted as a single 
peak in the gel chromatography and the molecular 
weight of protein moiety is estimated to be 254000 
(Fig. 3). Thus the active complex exists as a dimer 
of aBy or as a, By, in 0.1% Liponox solution. 
Since no other active species are detected in the 
eluate, it is highly probable that this complex 
functions as a minimum active entity in the mem- 
brane also. 

Ragan [19] proposed the electron-transfer path- 
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ways in Complex I of the mitochondrial respira- 
tory chain, which cotnains FMN as a sole flavin 
and at least six iron-sulfur reaction centers. It has 
been postulated that the reduction-oxidation cycle 
of FMN via flavosemiquinone mediates the trans- 
location of H* across the membrane in cooper- 
ation with iron-sulfur centers. On the other hand, 
Suzuki and King [20] reported that ubise- 
miquinone plays a central role in the translocation 
of H*. Since the present enzyme system trans- 
locates Na* across the membrane [5,6], it is un- 
likely that either flavosemiquinone or ubisemi- 
quinone directly functions as a carrier of Na*. 
Thus an indirect-coupling redox pump mechanism 
as proposed for Complex III by Wikström and 
Krab [21] seems to be plausible to this enzyme 
system. Further studies are required to resolve 
these problems. 
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The binding of five monoclonal antibodies to mitochondrial F,-ATPase has been studied. Competition 
experiments between monoclonal antibodies demonstrate that these antibodies recognize four different 
antigenic sites and provide information on the proximity of these sites. The accessibility of the epitopes has 
been compared for F, integrated in the mitochondrial membrane, for purified B-subunit and for purified F, 
maintained in its active form by the presence of nucleotides or inactivated either by dilution in the absence 
of ATP or by urea treatment. The three anti-B monoclonal antibodies bound more easily to the B-subunit 
than to active F,, and recognized equally active F, and F, integrated in the membrane, indicating that their 
antigenic sites are partly buried similarly in purified or membrane-bound F, and better exposed in the 
isolated B-subunit. In addition, unfolding F, by urea strongly increased the binding of one anti-B monoclonal 
antibody (14 D,) indicating that this domain is at least partly shielded inside the B-subunit. One anti-a 
monoclonal antibody (20 D,) bound poorly to F, integrated in the membrane, while the other (7 B,) had a 
higher affinity for F, integrated in the membrane than for soluble F,. Therefore, 20 D; recognizes an 
epitope of the a-subunit buried inside F, integrated in the membrane, while 7 B, binds to a domain of the 
a-subunit well exposed at the surface of the inner face of the mitochondrial membrane. 


Introduction 


The ATPase-ATPsynthase (F,-F,) is essential 
for ATP synthesis in energy-transducing mem- 
branes, such as bacteria, chloroplasts and mito- 
chondria. This complex contains two distinct parts: 
the F, part channelling the transfer of protons 
across the membrane, and the F, part containing 


Abbreviations: F}, mitochondrial F-ATPase; mAb, mono- 
clonal antibody; ELISA, enzyme-linked immunosorbent assay; 
RIA, radioimmunoassay. 
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the catalytic sites for ATP synthesis and ATP 
hydrolysis (for recent reviews, see Refs. 1—6). 

F, can be solubilized and is made of five sub- 
units organized according to a stoichiometry 
a,B,y3e. The mechanism of ATP synthesis, al- 
though studied extensively by many laboratories, 
is still controversial. A better understanding of the 
Fy-F, structure and of the fine changes of this 
structure occurring during catalysis is a require- 
ment in order to elucidate this mechanism. Mono- 
clonal antibodies (mAbs) may be powerful tools 
to reach this goal. 

MAbs specific to the a- and B-subunits of F, 
were prepared for the first time in our laboratory 
for pig heart mitochondria [7,8]. These antibodies, 
as well as mAbs raised against the oligomycin- 
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sensitivity-conferring protein [9], have been used: 
(i) to determine an a,8, stoichiometry in F, [7] 
and a ratio of two oligomycin-sensitivity-confer- 
ring proteins per F, in mitochondria (10); (ii) to 
identify essential epitopes on the B-subunit by 
studying interspecies cross-reactivity [9]; and (iii) 
to analyze the topography of the oligomycin-sensi- 
tivity-conferring protein in the mitochondrial 
membrane [11]. Other mAbs have been raised 
against a, B and a peptide of 25 kDa of the yeast 
mitochondrial F,-F, complex [12], against the a 
and B subunits of Escherichia coli F, [13], against 
the a [14], B and y subunits [15] of chloroplast F}, 
against the coupling factor B of mitochondria [16], 
and against all subunits of ŒE. coli F, [17]. 
Stoichiometries of 3a and 38 subunits have also 
been found for all species with these mAbs. More- 
over, a correlation between inhibitory effects of 
mAbs and conservation of epitopes along the 
phylogenic scale has been stressed [17]. 

In the present paper, the binding of anti-« and 
anti-B mAbs to F; is used as a probe of the 
availability of domains of a- and -subunits of F}. 
It is shown that the accessibility of four distinct 
antigenic determinants to mAbs can be modulated 
by unfolding the protein, by integration of F, in 
the membrane or by the addition of nucleotides to 
soluble F,. In addition, the binding curves of 
anti-a mAbs to soluble or membrane-bound F, 
suggest an asymmetry of the a-subunits. 


Materials and Methods 


Materials 

[PINa was obtained from the Commissariat 
à l’Energie Atomique, France. Specific chemicals 
were purchased from the following sources: pro- 
tein A-Sepharose; Pharmacia; protein A: I.B.F.; 
horseradish-peroxidase conjugated antimouse im- 
munoglobulin sheep antibody; Biosys; IODO- 
GEN; Pierce. All other chemicals were of the 
highest purity available. 


Methods 

Biological preparations. Previously described 
procedures were used to obtain: pig-heart 
mitochondria [18]; F, [19]; purified B-subunit [20]; 
and electron-transport particles prepared accord- 
ing to Penin et al. [21], which are essentially 


inverted submitochondrial particles as checked 
according to Ref. 22. MAbs prepared according to 
Kohler and Milstein [23] have been previously 
characterized: 14 D,, 19 D, and 5 G,, were specific 
of the B-subunit and 20 D, of the a-subunit [7]; 7 
B, obtained from another fusion was ‘specific of 
the a-subunit [8]. The monoclonal antibodies were 
purified from ascitic or culture supernatant fluid 
by affinity chromatography on protein A-Sep- 
harose [24]. Purified mAbs or protein A were 
iodinated with }*7I in the presence of IODO-GEN 
[25], as described previously [7]. Protein con- 
centration was estimated by the method of Lowry 
et al. [26]. The ATPase activity was measured as in 
Ref. 19. 

Coating of F, to microtitration plates. The wells 
of microtest plates were coated with 50 pl F, (80 
ug/ml in 0.1 M sodium phosphate buffer, pH 7.5) 
and air dried. The 96-wells microtest plates used 
were either flexible (Falcon 3912) for RIA or rigid 
(Nunclon Delta) for ELISA. To improve the coat- 
ing of F,, 50 pl 80% acetone in water (v/v) was 
added to each well. After drying, the remaining 
non-specific binding sites were saturated with 
serum albumin: three successive washings were 
made by filling the wells with 10 mM sodium 
phosphate buffer/150 mM NaCl (pH 7.2) con- 
taining 1% bovine serum albumin, incubating the 
plates for 10 min and emptying the wells by 
flicking the plates. The plates containing solid 
phase F, could be kept at —20°C for several 
weeks before use. 

Competition among mAbs for binding to anti- 
genic determinants of F,. The ability of binding of 
one a- or B-specific mAb in the presence of a 
saturating concentration of another mAb was 
tested by radioimmunoassay. In preliminary ex- 
periments the saturating amount of mAbs was 
determined as follows: serial dilutions of mAb 
(purified or 50% ammonium sulfate precipitate of 
ascitic fluid) were incubated overnight with F, 
coated to the wells of flexible plates. After three 
washings with 10 mM sodium phosphate 
buffer/150 mM NaCl (pH 7.2) containing 1% 
bovine serum albumin, 50 yl sheep antibody to 
mouse immunoglobulin (diluted 1: 300 in 10 mM 
sodium phosphate buffer/150 mM NaCl) were 
incubated in each well for 1 h at 37°C. After three 
more washings, 50 pl of I-labeled protein A 


(2- 10° cpm per well) were incubated for 1 h. The 
wells were washed six times, dried, cut out and 
counted in a y-counter (Packard). The dilution of 
mAb giving the maximal binding to solid phase F, 
was used for subsequent competition studies. The 
competition between antibodies for binding to 
solid phase F, was then tested as described in 
Table I by first incubating one mAb at saturating 
concentration (protecting antibody) and then mea- 
suring the binding of another mAb labeled with 
125T (tested mAb). 

Competitive ELISA. Competition between 
binding of soluble antigens (F,, B-subunit, elec- 
tron-transport particles) and solid phase F, (F, 
coated to microtitration plates) to a given mAb 
was made as follows: after preincubation of the 
studied antigen with the mAb, the mixture was 
added to microtitration wells containing solid 
phase F,. Only the mAbs not bound to soluble 
antigen could react with coated F, and be titrated 
afterwards with the second antibody. For these 
experiments, limited concentrations of mAb corre- 
sponding to 60-80% of the maximal binding to 
coated F, were used. The mAbs were preincubated 
in the presence of various concentrations of com- 
peting antigens for 2 h at 30°C. For competitions 
with F; or B, the buffer A contained 30 mM 
Tris-base/192 mM _ glycin/0.5 mM EDTA (pH 
8.0)/5% glycerol/0.02% Tween 20; when ATP + 
MgCl, were aded, EDTA was omitted. For com- 
petitions with electron-transport particles, the 
buffer B contained 0.25 M sucrose, 30 mM Tris- 
base, 192 mM glycin, 0.5 mM MgSO, (pH 8.0), 
0.02% Tween 20. The mixture of mAb and com- 
peting antigen (50 pl) was transferred to the 96- 
wells rigid plate coated with F,. After a 3 h-in- 
cubation at 37°C, the plates were washed three 
times with 10 mM sodium phosphate buffer /150 
mM NaCl containing 0.05% Tween 20 and in- 
cubated for 1 h at 37°C with 50 pl of peroxidase 
conjugated-antimouse immunoglobulin sheep anti- 
body (diluted 1/300 in sodium phosphate 
buffer /NaCl). The plates were washed three times 
with 10 mM sodium phosphate buffer /150 mM 
NaCl1/0.05% Tween 20. 

‘The peroxidase substrate (100 pl 0.25 mM 
2,2’-azinobis (3-ethylbenzthiazolinesulfonic acid)/ 
0.18 mM H,0,/0.1 mM sodium phosphate, pH 
6.8) was then incubated for 30 min at room tem- 
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perature with gentle shaking. The color intensity 
of the plates was measured with a Dynatech mi- 
croplate reader at 410 nm. 

When the competition was studied with dena- 
tured F,, F, was pretreated with 8 M urea: the 
stock solution of F, (5 mg protein per mi 100 mM 
Tris-SO,/5 mM EDTA/50% glycerol, pH 8.0) 
was diluted with an equal volume of 25 mM 
Tris-base/192 mM glycin (pH 8.0). Crystals of 
urea were added to obtain a final concentration of 
8 M. The mixture was heated for 5 min at 100°C 
and diluted 4-fold in buffer A. Verification was 
made that the presence of 2 M urea (which corre- 
sponds to the highest concentration of solutions 
tested containing F, unfolded by urea) did not 
significantly modify the interaction between F, 
and the various mAbs. 

Use of competitive binding curves to estimate the 
number of B-subunits of F, accessible to the mono- 
clonal antibodies, using an isolated B-subunit as a 
standard. Berzofsky and Schechter [27] have pro- 
posed a mathematical analysis for the binding of a 
ligand to an homogeneous antibody in the pres- 
ence of a competitor. For example, for the binding 
of a protein, they have shown that, in this type of 
competition curves, the total concentration of the 
soluble protein which reduces by 50% the binding 
of the antibody to the protein bound to the solid 
support, corresponds to a value 


1 A 
[xX]= K. 2 
where A is the concentration of antibody binding 
sites and Ky, the affinity of the antibody for the 
protein. In order to use this equation to compare 
the binding of one mAb to F, and to the isolated 
B-subunit, it is necessary to assume that Ky, the 
affinity of the mAb for the B-subunit, is the same 
when the B-subunit is isolated as when it is in- 
tegrated in F,. Under these conditions, the total 
soluble protein concentration ({B] or [F,]), corre- 
sponding to 50% binding of the antibody, will be 
directly proportional to the concentration of anti- 
body binding sites. When a log scale is used, the 
slope of the binding curve is proportional to the 
affinity of the competitor (here soluble protein vs. 
bound protein) [27,28]. Therefore, it is reasonable 


` to assume that the affinity of one mAb for F, and 


for the B-subunit is identical when the curves are 
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parallel. In such a case, the number of antibody 
binding sites on F, can be estimated by compari- 
son of the midpoint of the curves obtained with 
the isolated B-subunit and with F,. 

Titration of F, present in the mitochondrial 
membrane. The total amount of F, present in 
submitochondrial particles was measured by 
quantitative immunotitration using monoclonal 
antibodies as described previously [10]. It was 
found that the electron-transport particles used in 
the present work contained 0.39 nmol F, per mg 
of mitochondrial protein [29]. Taking into account 
an M, of 380000 for F, [1], the electron-transport 
particles contain 15% of F,. 


Results 


Analysis of the proximity between antigenic determi- 
nants of a and B in F,. To determine whether the 
various mAbs recognize distinct or overlapping 
sites on F}, the binding of each labeled mAb was 
tested in the presence of saturating amounts of 
each other mAb (protecting mAb). Table I shows 
that, when the labeled mAb is tested in the pres- 
ence of the same unlabeled mAb, 11-18% of the 
binding observed. in the absence of protecting 


TABLE I 


mAb are measured. Therefore, a percentage of 
125T.Jabeled mAb binding lower than 20% cannot 
be considered as corresponding to a different anti- 
genic determinant. Moreover, a percentage of 
binding higher than 60% can be considered as 
corresponding to a different antigenic determinant 
[30]. The results presented in Table I can be 
analyzed on the basis of these limits. The presence 
of 7 B, (anti-d), as the protecting mAb, does not 
significantly decrease the binding of any other 
labeled anti-a or anti-B mAbs (63 to 82%), sug- 
gesting that it recognizes a determinant distinct 
from the others. The presence of 20 D, (anti-«) 
slightly hinders the binding of both the anti-a 7 B, 
(50 %) and the anti-B 19 D, (56%), but it does not 
significantly decrease the binding of other anti-B 
mAbs 5 G,, and 14 D,. The presence of 14 D, 
(anti-B) does not prevent the binding of anti-a 
mAbs (7 B,, 69% and 20 D,, 82%), while it slightly 
hinders the binding of anti-B mAbs 19 D, and 5 
G,, (45% and 59% of binding, respectively). The 
presence of 19 D, (anti-B) does not significantly 
diminish the binding of anti-a mAbs and anti-B 14 
D, (70-80% of binding), but it strongly decreases 
the binding of 5 G,, (only 7% of binding). The 
presence of 5 G,, (anti-B) does not prevent the 


COMPETITION BETWEEN VARIOUS MONOCLONAL ANTIBODIES FOR BINDING TO ANTIGENIC SITES OF 
MITOCHONDRIAL F,-ATPase 


The wells of flat-bottom microtest flexible plates were coated with F} and saturated with bovine serum albumin as described ın 
Materials and Methods. In preliminary experiments, the dilution of purified mAb necessary to saturate the wells was tested by 
measuring the maximal amount of antibody that could be retained by F, coated to the wells For competition experiments, each well 
received 50 ul of the saturating concentration of the protecting mAb estimated in the preliminary experiment. After overnight 
incubation, 50 p1 of the }#°I-mAb under test were added to each well and incubated for 4 h at room temperature with gentle shaking 
Each well was then emptied, washed 6 times with 10 mM sodium phosphate buffer/150 mM NaCl containing 1% bovine serum 
albumin, cut out and counted. Five wells were run for each mAb combination Each value represents the average of at least two 
experiments. For each mAb, five wells were used to measure the maximal binding (1.e., without protecting mAb) and five wells to 
determine the background (i.e., without F,). The counts corresponding to the maximal binding obtained for the various mAbs were 
respectively: 37700 for 7 B,, 64600 for 20 Dg, 46130 for 14 D,, 19800 for 19 D, and 4300 cpm for 5 G,, The average value of the 
backgrounds was 150 cpm. The Greek character in parenthesis indicates the F, subunit recognized by the corresponding mAb. 


Protecting Tested 1°I-mAb 
mAb Percentage of binding of tested labeled mAb in the presence of protecting mAb 
7B; 20 Dg 14 D, 19 D, 5 Gii 
7 B, (a) 12 72 82 63 68 
20'D; (a) 50 18 62 56 70 
14 D; (B) 69 82 11 45 59 
19 D; (B) 70 80 70 16 


5 Gy, (B) 78 50 50 36 1 





binding of 7 B,, while it decreases the binding of 
other mAbs, barely for 20 D; and 14 D, (50%) 
and significantly for 19 D, (36%). 

In conclusion, among the antibody pairs tested, 
a significant reciprocal inhibition is observed in 
only one case: 5 G,, and 19 D,. This indicates 
common or overlapping epitopes. In addition, a 
reciprocal inhibition at the limit of the signifi- 
cance is observed between 14 D, and 5 G44. 


0001 001 01 1 2 3 


0 
06001 Q01 01 1 2 3 


“fe MAb bound to solid phase F41 


100 


Ja 


50 


25 





Q 
0.001 001 01 4 2 3 
Competing antigen (uM) 


39 
Competition studies 


In the above experiments, the binding of mAbs 
was studied with F, immobilized on microtitration 
plates. In such a case, variations in the accessibil- 
ity of the epitopes related to conformational 
changes of the antigen under different conditions 
were unlikely. In all further experiments, the bind- 
ing of mAbs to F, was first carried out in solution 
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Fig. 1. Comparison of the binding of anti-B subumit mAbs to punfied B-subumt, to soluble F, and to F, unfolded with urea Limiting 
concentrations of mAb were preincubated in solution with the indicated concentrations of soluble F, (@), urea-treated F, (O) or 
punfied B-subunmit (X). After a 2-h incubation at 30°C, 50 pl of each sample was added to the'wells of microttration plates coated 
with F, The amounts of mAb bound to solid phase F, was measured by ELISA as described in Materials and Methods The results 
dre expressed as percentages of the maximal amount of mAb bound to sohd phase F, measured simultaneously under the same 
conditions, except that the competing antigen was omitted from the preincubation medium The M, of F, and B were taken as 
380000 [1] and 51300 [37], respectively. 


Fig. 2. Decrease of the binding of 3 anti-B subunit mAbs to F, upon addition of MgATP or insertion of F, in the membrane 
Limiting concentrations of mAb (adequately diluted, see Materals'and Methods) were preincubated either with ETP (@) or with the 
indicated concentrations of F, in the absence (®) or presence (O) of 1 mM ATP+1 mM MgCl,. The electron-transport particles 
contain the indicated concentration of F}, as calculated from Penin et al. [29]. Other experimental conditions as described in Fig. 1. 
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to allow for the detection of eventual conforma- 
tional changes of F,. Then, the remaining free 
mAbs was titrated by their binding to an excess of 
F, coated to the plates (see Materials and Meth- 
ods). The concentration of competing antigen in 
solution capable of reducing by 50% the binding 
of mAbs to coated F, is defined as K, ,.. 


Anti-B mAbs 

Influence of the treatment of F, with urea on the 
binding of mAbs. Fig. 1A shows that, when 5 G,, 
is preincubated with F,, the value of K, ,. is about 
0.07 uM. If F, has been treated with 8 M urea 
before the preincubation with 5 G,,, the value of 
K, is increased to 0.8 pM. Similar results are 
observed with 19 D, (Fig. 1B). Therefore, urea 
treatment of F, decreases the binding of both 5 
G,, and 19 D,. On the contrary, the K,. value 
for 14 D, is lower for urea-treated F, (0.034 pM) 
than for F, (0.24 uM), indicating that the unfold- 
ing of F, enhances the binding of 14 D, (Fig. 1C). 

Binding of mAbs to F, and to an isolated B-sub- 
unit. Fig: 1A and B shows that both mAbs 5 G,, 
and 19 D, exhibit titration curves for the purified 
B-subunit parallel to that of F,. The experiment 
was repeated four times with 5 G,,. The K, 
values obtained when soluble F, and B are used as 
competing antigen were 0.071 + 0.002 uM and 
0.201 + 0.027 pM, respectively. The ratios of K; ,, 
for B and F, were calculated in each experiment. 
The mean of these radios was 2.78 + 0.33 mol of B 
accessible to 5 G,, in each mol of F, (four experi- 
ments) and 3.2 mol of B accessible to 19 D, in 
each mol in F, (two experiments). 

When the binding of 14 D, to F, and to puri- 
fied B-subunit are compared (Fig. 1C), the titra- 
tion curves are not parallel. Under these condi- 
tions, the concentrations of antibody binding sites 
in F, cannot be directly calculated from the bind- 
ing curve of 14 D, to B (see below in Discussion). 

Changes in the binding of mAbs to F, in the 
presence of nucleotides. Correlation with changes of 
ATPase activity. Fig. 2 shows that the presence of 
the substrate MgATP (1 mM) during the prein- 
cubation of soluble F, with all anti-B mAbs drasti- 
cally decreases their binding to soluble F,. Indeed, 
a K, higher than 0.23 mg/ml is obtained for F, 
preincubated in the presence of MgATP in the 
case of either 5 G,, or 19 D, instead of 0.021 


mg/ml and 0.024 mg/ml, respectively, for 5 G,, 
and 19 D, binding to F, in the absence of MgATP. 
The Kı; value for 14 D, binding to F, raises up 
to 1 mg/ml in the presence of MgATP instead of 
0.1 mg/ml in the absence of MgATP. Therefore, 
the presence of 1 mM MgATP decreases the bind- 
ing of all three anti-B-mAbs. Verification was made 
that the presence of 1 mM MgATP did not change 
the binding of these mAbs to solid phase F, in the 
absence of any competing F}. 

F, 1s notorious for progressively falling apart 
into subunits when diluted in the absence of 
nucleotides [31]. The experiments described here 
involve incubations of F) lasting up to 5 h. In 
order to determine the extent of inactivation of F, 
occurring during these incubations, the ATPase 
activity of F, has been measured under the condi- 
tions used for competition studies, except that the 
addition of mAb was omitted. In the absence of 
nucleotides, only about 6% of the initial ATPase 
activity of soluble F, was recovered at the end of 
the experiment. On the contrary, in the presence 
of MgATP about 80% of the initial ATPase activ- 
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Fig 3. Variations of the K,,. values for 5 G,, binding to F, in 
the presence of different nucleotides as a function of residual 
ATPase activity after a 5-h incubation. K,,. values expressed 
as mg F, per ml preincubation medium was determined as 
described in fig 1A, except that 5 G,, was preincubated with 
F, either in the absence (©) or the presence of nucleotides: 1 
mM GTP (4), 5 mM GTP (v), 1 mM ATP (@) or 1 mM 
ATP+1mM MgCl, (O). To measure the ATPase activity, F, 
was incubated at a concentration of F, of 0.037 mg per ml in 
buffer A (see Materials and Methods) supplemented with 
nucleotides. The residual activity was estimated by comparing 
the ATPase activity at the beginning and at the end of a 5-h 
incubation. 


ity was remaining. These percentages were similar 
. whatever F, concentration (within the range tested 
for competition experiments). The inactivation of 
F, could also be partly slowed down by the pres- 
ence of either ATP in the absence of Mg?**, or 
ADP or else GTP, although GTP was less effi- 
cient. Fig. 3 shows that the residual ATPase activ- 
ity measured at the end of the incubation is roughly 
proportional to the K}, value measured for the 
binding of 5 G, to F}, indicating that the value of 
K, ». increases with the percentage of active F,. 

Binding of mAbs to F, integrated in the mem- 
brane. When F, is integrated in the membrane 
(electron-transport particles), the total amount of 
membrane bound F, necessary to bind 50% of 
each anti-B mAb is the same as that observed with 
active F, preincubated with mgATP (Fig. 2A, B 
and C). This indicates that membrane-bound F, is 
as accessible to the three anti-B mAbs as active F}. 
The ATPase activity of membrane-bound F, was 
also checked during the competition experiments, 
it was slightly increased from 3 to 4 pmol ATP 
hydrolyzed per min per mg protein. 
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Anti-a mAbs 

Influence of the treatment of F, with urea on the 
binding of mAbs. Fig. 4A shows that the K, ,. 
value of 7 B, is slightly higher for urea-treated F, 
(0.17 pM) than for untreated F, (0.076 pM), sug- 
gesting a diminution of the binding of 7 B, to urea 
treated F,. On the contrary, for 20 D,, the treat- 
ment of F, with urea decreases the value of K, , 
by about 5-fold (0.0024 uM instead of 0.013 uM 
for untreated F,) (Fig. 4B). This means that the 
unfolding of F, increases the binding of 20 D,. 
Besides, when 20 D, is preincubated with un- 
treated F,, a plateau corresponding to about 25% 
of mAb bound to solid-phase F, is observed. In 
contrast, the binding of 20 D, to solid phase F, 
can be completely inhibited by urea-treated F, at 
concentrations as low as 0.02 pM. 

Binding of mAbs to F, integrated in the mem- 
brane. Fig.’5B shows that the K, ,. value for 20 D, 
binding of membrane bound F, (electron-trans- 
port particles) is about 50-times higher than the 
value observed with soluble F, (0.28 mg/ml in- 
stead of 0.006 mg/ml). On the contrary, this value 
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Fig. 4. Effects of unfolding of F, with urea on the binding of 2 anti-w subunit mAbs. Conditions as described ın Fig. 1 Active F}, @; 
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Fig. 5. Modifications of the binding of two anta subunit mAb to F} upon addition of MgATP or insertion of F, in the membrane. 
Conditions are the same as in Fig, 2. Electron-transport particles, W; soluble F, preincubated in the absence (@) or presence (O) of 1 


mM ATP+1 mM MgCl. 
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for 7 B, binding to F, present in the electron- 
transport particles (0.004 mg/ml) is much lower 
than that observed for soluble F, (0.027 mg/ml), 
as shown in Fig. 5A. These results indicate that, 
while the epitope recognized by 20 D, is less 
accessible in the membrane than in soluble F,, the 
epitope of 7 B, is better exposed in the membrane 
than in soluble F,. However, in spite of the higher 
reactivity of 7 B, with the electron-transport par- 
ticles, a plateau corresponding to about 20% of 
mAb bound to solid phase F, is observed even for 
very high concentrations of membrane bound F, 
as competing antigen (Fig. 5A). 

Changes in the binding of mAbs to F, in the 
presence of MgATP. The presence of 1 mM MgATP 
decreases the binding of anti-a 20 D; to soluble F, 
as in the case of the anti-B mAbs: the K, . value 
is about 0.045 mg/ml of active soluble F, in the 
presence of MgATP, while 0.006 mg/ml was suffi- 
cient in the absence of Mg ATP (Fig. 5B). In the 
case of 7 B, (Fig. 5A), the addition of 1 mM 
MgATP barely decreases the K,,. value of solu- 
ble F,. However, the presence of MgATP com- 
pletely inhibits the binding of 7 B, to solid phase 
F, at a F, concentration of 0.035 mg/ml, while in 
the absence of MgATP this total inhibition is not 
yet reached at 0.3 mg F,/ml. The curve obtained 
with 7 B, in the absence of MgATP is biphasic. 


Discussion 


Proximity of antigenic sites 

In experiments where the binding of two mAbs 
to a protein are compared pairwise, the antigenic 
determinants recognized by these mAbs can be 
considered as identical or overlapping when the 
presence of one of them prevents the binding of 
the other and vice-versa. The results presented 
here show that two anti-B mAbs (5 G,, and 19 
D,) recognize identical or overlapping epitopes on 
F,. In addition, the other anti-B mAb (14 D,) 
occupies a site different from the two others, but 
closer to the site of 5 G,, than that of 19 D,. The 
sites of the two anti-« mAbs are not close to each 
other. Indeed, although 20 D, inhibits 50% of the 
binding of 7 B,, there is no reciprocity. 

In conclusion, at least four distinct antigenic 
determinants can be detected with these mAbs on 
F,, two on a-subunits (20 D; and 7 B,) and two 


on f-subunits (14 D; and 5 G,, or 19 D,). The 
close proximity between the epitopes of 5 G,, and 
19 D, demonstrated by the experiments made with 
immobilized F, is further supported by the experi- 
ments made with soluble F,. Indeed, both mAbs 
behave in a similar manner in all experiments 
performed. This conclusion is further supported 
by recent studies on the localization of the anti- 
genic sites of the anti-8 mAbs on the -subunit 
[32]. These experiments have shown that 14 D, 
recognizes the large N-terminal formic acid clea- 
vage product of the B-subunit and the cyanogen 
bromide cleavage product corresponding to the 
sequence spanning Glu 168 to Met 200 in the 
bovine heart enzyme. On the contrary, both 5 G,, 
and 19 D, recognize a 12 kDa, C-terminal acid 
formic cleavage product of the B-subunit [32]. 


Availability of antigenic sites on the B-subunit and 
on F, 

The titration curves obtained for 5 G,, and 19 
D, using F, as a competing antigen are parallel to 
those obtained with the B-subunit. According to 
Berzofsky and Schechter [27] allows this behavior 
us to calculate that about 2.8 and 3.2 mol of 
B-subunit per mol of F, are accessible to 5 G,, 
and 19 D,, respectively. Since F, contains 3 B-sub- 
units [1,7], it means that 5 G,, and 19 D, can bind 
as well to all three B-subunits of purified F, as to 
the isolated B-subunit. However, since these ex- 
periments were performed in the absence of 
MgATP, the ATPase activity of F, was drastically 
reduced during the incubation. This is very likely 
due to a dissociation of F, into subunits [31]. On 
the contrary, in the presence of MgATP, the 
ATPase activity of F, was essentially. preserved 
and the availability of the epitopes was much 
lower as shown by the increase in K, „values. 
This availability is inversely proportional to the 
percentage of F, maintained in an active confor- 
mation. All these results indicate that the epitope 
corresponding to 5 G,, and 19 D, is available at 
the surface of the B-subunit, but becomes at least 
partly buried when the B-subunits are complexed 
with the other subunits to form an active F}. 

In a previous work [9], we have shown that 5 
G, and 19 D, recognize the B-subunits of all 
tested species including bacteria, chloroplasts, 
yeast and mammalian mitochondria. In addition, 


both mAbs can, under specific conditions, inhibit 
ATP hydrolysis or ATP synthesis [9,33]. Dunn et 
al. [17] have suggested that the most conserved 
regions of the ATPase lie in the interior rather 
than on the surface of F,. Our results show that at 
least one well-conserved epitope located on the 
C-terminal sequence of B and related to the en- 
zyme activity lies on the surface of the B-subunit 
and becomes buried in active F}. 

The effects induced by unfolding of F, with 
urea provide other information on the topology of 
the antibody binding sites. Urea treatment in- 
creases by more than one order of magnitude the 
concentration of soluble F, necessary to bind 50% 
of the mAbs 5 G,, and 19 D,. Similarly, it has 
been shown previously [7] that a treatment of F, 
with SDS decreased the reactivity of these two 
antibodies. This experiment suggested that 5 G,, 
and 19 D, were mainly conformational antibodies. 
Urea and/or SDS destroy the secondary and ter- 
tiary structure of F,, which is necessary to observe 
an optimal binding of 5 G,, and 19 D,. It can be 
concluded that these structures are sufficiently 
maintained in the isolated B-subunit to preserve 
the binding capacity of 5 G,, and 19 D,. The 
higher affinity of 5 G,, and 19 D, for F, as 
compared to F, denatured by SDS and urea can 
be explained by a distortion of the linear sequence 
epitope by unfolding. If the epitopes comprise 
amino-acid residues very distant in the sequence, 
but juxtaposed only on the protein surface by 
folding, urea or SDS treatments would completely 
destroy the epitopes. Therefore, 5 G,, and 19 D, 
recognize a fragment of the primary sequence of B 
able to change its conformation by folding. 

In the case of the anti-B mAb, 14 D,, the 
binding curves of F, incubated in the absence of 
nucleotide and of the isolated B-subunit are not 
parallel, indicating that the epitopes are not ex- 
posed in the same way. This might indicate that F, 
incompletely dissociated is still interacting with 
some subunits, rendering the epitope less accessi- 
ble to 14 D, than in the case of the isolated 
B-subunit. Contrary to what is observed for 19 D, 
and 5 G,,, urea treatment of F, increases the 
binding of 14 D,. This means that the epitope 
recognized by 14 D, must be at least partially 
buried in the B-subunit. 

Active F, in the presence of ATP and F 
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integrated in the membrane give similar binding 
curves for the 3 anti-B mAbs. This indicates that 
the epitopes exposed at the surface of F, in the 
presence of ATP and on the electron-transport 
particles have the same affinity for the anti-B 
mAbs. Therefore, the conformation of B in active 
electron-transport particles is similar to that of F, 
maintained in its active form by preincubation 
with MgATP. 


Availability of the antigenic sites of the a-subunit in 
soluble or membrane-bound F, 

The epitope corresponding to the anti-a 20 D; 
is optimally exposed when F) is completely disso- 
ciated by urea treatment, less accessible in F, 
incubated in the absence of nucleotide and even 
less in active F,. Therefore, this epitope must be at 
least partly located on the surface of a-subunit in 
an area interacting with other subunits. This area 
is not as easily accessible when F, is maintained in 
its active form by the presence of nucleotide as in 
inactive F,. 

When F, is integrated in the mitochondrial 
membrane the accessibility of the epitope recog- 
nized by 20 D, is further decreased by a factor of 
6 in comparison to active F,. This epitope either 
lies on the surface of F, which is in contact with 
the membrane, or is further masked inside F, due 
to a conformational change occurring when F, 
binds to the membrane. 

The only mAb which binds to a very-well-ex- 
posed antigenic site of F, is the anti-a 7 B. 
Contrarily to all other mAbs tested, the affinity of 
this antibody becomes higher and higher when the 
conformation of F, becomes closer to the ‘in situ’ 
conformation, that is in membrane-bound F}. 

The behavior of these mAbs recognizing two 
distinct sites suggests a conformation of a differ- 
ent in electron-transport particles and in active F,. 


Apparent heterogeneity of the a-subunits in soluble 
or membrane-bound F, 

The binding curves of 20 D, to untreated F, in 
the presence or absence of ATP show plateau 
values at significantly less than 100% binding of 
these antibodies. The presence of such plateaus 
indicates a heterogeneity of either the antibody or 
the antigen [27,34]. Since the antibodies are mono- 
clonal [8], the heterogeneity must be due to the 
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antigen. After urea treatment of F,, the plateau 
observed for 20 D, disappears. This result suggests 
that there is a heterogeneity between the three 
a-subunits of soluble F,, and that, upon urea 
treatment, these three a-subunits become equiv- 
alent. However, it cannot be excluded that this 
heterogeneity might be induced by the binding of 
a first mAb to F, which might decrease the affinity 
of a second mAb to another a-subunit of the same 
F, molecule. For the anti-« 7 B,, although very 
low concentrations of electron-transport particles 
can decrease by 50% the binding of the antibody, 
a complete inhibition of the binding is never 
reached (plateau at less than 100%) even when the 
electron-transport particles concentration is in- 
creased by more than 100 times. As discussed 
above, this type of behavior is characteristic of a 
heterogeneity in the molecular structure of the 
binding sites. This indicates that the a-subunits 
present at the surface of the electron-transport 
particles appear heterogeneous. On the contrary, 
the a-subunits accessible at the surface of active 
F, appear homogeneous for the binding of 7 B,, 
since no plateau is observed. 

The apparent heterogeneity of the a-subunits is 
in agreement with the conclusions of Amzel and 
Pedersen [1], who have shown by single crystal 
X-ray diffraction studies that the three a- and 
B-subunits are not structurally equivalent. The 
heterogeneous behavior of the a-subunits has also 
been recently proposed in the case of chloroplast 
F, [35] and of yeast F, [36] to explain heteroge- 
neous modification of the «-subunits by chemical 
reagents. Our results suggest that the heterogene- 
ity of the a-subunits also exist in membrane-bound 
Fi: 
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Laser-flash-induced absorption changes at 830 nm, fluorescence-induction curves and the average oxygen 
yield per flash have been measured in spinach Photosystem II membrane fragments as a function of trypsin 
treatment and its modification by CaCl,. The following was found. (i) The relative contribution of the 
nanosecond relaxation to the overall decay kinetics of 830 nm absorption changes reflecting the P-680 *-re- 
duction decreases as a function of incubation time with trypsin. Simultaneously, mild treatment at pH = 6.0 
markedly increases the extent of 200 us kinetics that highly revert back to nanosecond kinetics by CaCl, 
addition. After harsher trypsin treatment (pH = 7.5) pH-dependent 2-20 us kinetics appear that cannot be 
reverted to nanosecond kinetics by CaCl,. (ii) The CaCl,-induced restoration of nanosecond kinetics is 
mainly due to a Ca**-induced effect rather than to a functional role of Cl~. Sr?* can substantially substitute 
for Ca?*, whereas Mg?+, Mn?* and monovalent ions are almost inefficient. (iii) A quantitative correlation 
between the extent of the nanosecond kinetics and the average oxygen yield per flash was not observed. (iv) 
If CaCl, is present in the assay medium for trypsin treatment the samples are markedly protected to 
proteolytic degradation. This effect mainly refers to the reaction pattern of the acceptor side. Other bivalent 
cations can substitute Ca?* for its protective function. (v) The CaCl,-induced protection to proteolytic 
attack is extremely sensitive to a very short trypsin pretreatment that does hardly affect the shape of the 
fluorescence induction curve. The results are discussed in relation to the functional and structural 
organization of Photosystem II. 


Introduction oxidation of a special chlorophyll a, referred to as 
P-680. Dioxygen formation is assumed to occur at 
Photosynthetic water oxidation by visible light a catalytic site which contains a binuclear 
takes place in Photosystem II via a four-step uni- manganese center (for a recent discussion, see Ref. 

valent redox-reaction sequence initiated by photo- 1). 
The functional connection between the cata- 


Abbreviations: PS II, Photosystem II; Chl, chlorophyll; Cyt, lytic binuclear manganese cluster and P-680 im-. 


cytochrome; Mes, 4-morpholineethanesulphonic acid. 
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plies at least one further redox component, re- 
ferred to as Z [2]. In samples competent in oxygen 
evolution, P-680* reduction exhibits a multiphasic 
kinetics in the nano- and microsecond range [3—5], 
whereas the oxidation of the catalytic site was 
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shown to occur within the range of 30 ps to 1 ms, 
depending on its redox state S, [6-8]. If the 
oxygen-evolving capacity is completely eliminated 
by selective treatments (e.g., Tris-washing) the P- 
680*-reduction kinetics markedly slow down: P- 
680* becomes reduced either via a pH-dependent 
electron flow from Z with half-life times of 2—20 
ps [9] or via a back reaction (?, ,. = 100-200 ps) 
with the reduced primary plastoquinone acceptor 
Q7 [10,11]. This phenomenon raised the idea that 
any microsecond kinetics of P-6807-reduction 
might be indicative of detrimental effects at the 
water-oxidizing enzyme system Y [12]. In this case 
the extent of nanosecond kinetics could be used as 
a measure of the percentage of PS II reaction 
centers that are functionally coupled with an in- 
tact catalytic site for water oxidation [12,13]. 
However, experiments with ADRY-agents [14] in- 
dicated that the extent of a 35 us kinetics of 690 
nm absorption changes depends upon the flash 
number of repetitive flash groups [15]. Therefore 
at least part of the microsecond kinetics are re- 
lated to functionally intact systems Y. Further- 
more, based on these data the P-680* reduction 
kinetics were inferred to depend on the redox state 
S; of the water-oxidizing enzyme system Y [15]. 
Later much more refined measurements confirmed 
this basic conclusion [13]. 

In order to study possible correlations between 
P-680*-reduction kinetics and the structural and 
functional integrity of the PS II donor side, ex- 
periments have to be performed in properly mod- 
ified PS II membrane fragments. Mild trypsin 
treatment at pH = 6.5 leads to degradation of the 
surface exposed 18 kDa, 23 kDa and 33 kDa 
polypeptides [16] which act as regulatory subunits 
(decrease of CI” requirement, Ca** trapping and 
stabilizing of functional manganese) of the water- 
oxidizing enzyme system Y (for a recent review, 
see Ref. 17). Likewise, integral membrane proteins 
of the PS II reaction center and its associated core 
antenna (CP47, CP43, D1, D2 and Cyt b 559) are 
attacked by trypsin [16,18]. On the other hand, 
oxygen evolution with K.,[Fe(CN),] as exoge- 
neous electron acceptor remains highly active in 
trypsinized PS IJ membrane, fragments [16] and 
inside-out vesicles [19]. Furthermore, under com- 
parable conditions (trypsination at pH = 6.0), the 
low temperature EPR signals due to light-induced 
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S, formation (multiline and g {= 4.1 signal) and of 
donor D (signal II) are almost unaffected; 
whereas, the high potential Cyt 6-559 is trans- 
formed into the low potential species [20]. Accord- 
ingly, limited proteolysis of PS II membrane frag- 
ments appears to be a proper tool for analyzing 
the functional and structural topography of PS II. 
Here we report the effect of trypsin treatment on 
830 nm absorption changes that reflect the 
turnover of P-680 on oxygen evolution and on 
fluorescence induction. Furthermore, our atten- 
tion was focused on the effect of Ca?* as an 
essential cofactor for the function of system Y 
[21—23] because recent experiments revealed a 
marked stimulation of the oxygen evolution rate 
in trypsinized PS II membrane fragments [16]. 


Materials and Methods 


PS-II particles with a high oxygen-evolving 
capacity were prepared from market spinach as 
described in Ref. 24 with the modifications 
described in Ref. 16, except that the applied Tri- 
ton X-100/chlorophyll ratio was 20:1. Bovine 
pancreas trypsin was purchased from Boehringer 
(Mannheim). For comparitive measurements the 
proteolytic treatment for the measurements of the 
oxygen-evolving activity and of absorption changes 
at 830 nm was carried out under identical condi- 
tions, i.e., the PS-II particles (50 ug Chl/ml) were 
incubated in darkness with trypsin (trypsin / Chl 
= 2:1) at 20°C in the oxygen-measuring cuvette 
and after a certain time either illuminated directly 
for detecting the oxygen yield or transferred to the 
cuvette of the flash photometer for measuring 
absorption changes. In all other experiments 
trypsination was performed in the sample cuvette. 
In either experiment the dark time between the 
flashes was 600 ms and the samples were il- 
luminated with the same number of flashes. The 
flash induced O,-yield was measured as described 
earlier [14]. 

The measurements of the 830 nm absorption 
changes with nanosecond time resolution were 
performed with a single-beam flash: photometer 
similar to the one described in Ref. 3. The measur- 
ing light was provided by a laser diode (TXF 8300 
AEG-Telefunken, À = 834 nm). By means of a 
microscope objective lens, the beam was focussed 
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through the cuvette (4 cm pathlength) onto a 1 
mm aperture, which was located in front of the 
photodetector (Photodiode preamplifier module 
RCA C 30952 E). In order to suppress a flash-in- 
duced fluorescence artefact, the distance between 
the cuvette and the aperture was approx. 1 m. 

The photodiode was protected against fluores- 
cence by a 830 nm interference filter and coupled 
via a 50 MHz amplifier (Pacific 2 A 50) to a 
Tektronix 7912 digitizer. 128 signals were aver- 
aged and stored on floppy disks. 

In order to make sure that the total initial 
amplitude of the absorption change in the 
nanosecond time range could be detected with our 
time resolution an additional check was per- 
formed. NH OH (3 mM, 6 min dark incubation) 
was added to the sample after each experiment 
that leads to retardation of the relaxation kinetics 
at 830 nm, due to an inhibition of the water- 
oxidizing enzyme. The total amplitudes of the 830 
nm absorption changes in the presence of NH,OH 
are not limited by time resolution of our 
equipment. Accordingly, the extent of the 
nanosecond component related to the correspond- 
ing control value was calculated in two different 
ways: (1) the portion of the amplitude that decay 
within 1 ys related to the total amplitude at ¢ = 0; 
and (2) the portion of the amplitude that decays 
within 1 ys related to the total amplitude in 
NH,OH-treated samples at t= 0. 

In experiments with microsecond time resolu- 
tion, the photodetector was coupled to a 1 MHz 
amplifier (Tektronix AM 502) and the signals 
were transferred to a Nicolet 1170 averager. 

Photosynthesis was excited by non saturating 
pulses from a Q-switched frequency-doubled 
NdYAG-laser (Spektrum GmbH, Berlin, A = 534 
nm; duration, 7 ns). 

All experiments were carried out with a chloro- 
phyll concentration of 50 pg/ml in a medium 
containing 10 mM NaCl and 20 mM Mes/ NaOH 
(pH 6.0) with 1 mM K.[Fe(CN),] as an artificial 
electron acceptor..Other additions, as indicated in 
the figure legends. Fluorescence was monitored as 
described in Ref. 25. For these measurements the 
chlorophyll concentration was 5 uM. 


Results 


The P-680 turnover can be monitored by 
absorption changes peaking around 820 nm [3,11]. 
Typical traces of absorption changes at 830 nm 
induced by repetitive flashes in spinach PS II 
membrane fragments are depicted in Fig. 1. The 
relaxation kinetics that reflect the reduction of 
P-680* exhibits a multiphasic pattern. In oxygen- 
evolving control samples at pH = 6.0 the decay is 
dominated by nanosecond kinetics contributing 
approx. 65-70% to the overall relaxation. Addition 
of 10 mM CaCl, further increases the relative 
extent of the nanosecond kinetics up to 80%. 
Destruction of the oxygen-evolving capacity by 
incubation with 3 mM NH,OH for 6 min is 
accompanied with complete elimination of the 
nanosecond kinetics. In these samples P-680+ ex- 
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Fig. 1. Absorption changes at 830 nm induced by repetitive 
laser flashes in normal and trypsımızed PS II membrane frag- 
ments at pH = 6 0 ın the absence and after addition of 10 mM 
CaCl,. Experimental conditions as described in Materials and 
Methods. 


hibits half-life times in the microsecond range that 
depend upon illumination conditions [26]. The 
invariance of the initial amplitude to NH,OH 
treatment indicates that the detection of the 
nanosecond kinetics of P-680* reduction is not 
limited by the time resolution of our equipment. 
After incubation of PS II membrane fragments 
with trypsin at pH = 6.0 the extent of microsec- 
ond relaxation kinetics increases (up to more than 
50%) at the expense of nanosecond components. 
This effect appears to be interesting in the light of 
recent findings, indicating that oxygen evolution 
was hardly affected by mild trypsin treatment at 
pH = 6.0 in PS II-membrane fragments [16] and 
inside-out vesicles [19], whereas the polypeptide 
pattern became modified [16]. The relaxation 
kinetics of 830 nm absorption changes was 
analyzed as a function of trypsin treatment. A 
thorough analysis reveals that at least three differ- 
ent kinetics with half-life times of the order of 10 
us, 200 us and more than 1 ms (these kinetics will 
be referred to as 10-ps, 200-us and slow compo- 
nents, respectively) contribute to the decay in the 
micro- to millisecond time domain (data not 
shown). 

Fig. 2 shows the extent of the different kinetics 
related to the overall relaxation of 830 nm absorp- 
tion changes as a function of incubation time with 
trypsin at pH = 6.0. The data reveal a marked 
decrease of the relative extent of nanosecond 
kinetics (for the sake of simplicity a separation 
into different nanosecond components was not 
performed) and a concomitant increase of contri- 
butions in the micro- to millisecond range. Re- 
cently, it was found that trypsin treatment at 
pH=7.5 highly reduces oxygen evolution and 
elicits the pH-dependent 2-20 us kinetics [17,26] 
which are characteristic for the electron transfer 
from Z to P-680* after destruction of the 
water-oxidizing enzyme system [9]. Accordingly, it 
seemed worthwhile to study the pattern of relaxa- 
tion kinetics as a function of trypsin treatment at 
pH = 7.5. The results of Fig. 3 reveal an interest- 
ing phenomenon. At the beginning, the 200-us 
component (also the slow component, data not 
shown) sharply rises and subsequently steeply de- 
clines, whereas the 10-1s component continues to 
increase with increasing incubation time. The most 
` simple explanation for the appearance of 200-ys 
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Fig. 2. Relative extent of different kinetics ın the overall decay 
of 830 nm absorption changes ın PS H membrane fragments as 
a function of incubation tıme with trypsin at pH = 6.0. Exper- 
mental conditions as described in Materials and Methods. 


kinetics is the assumption that after elimination of 
the function of water to act as an electron donor 
Z% remains oxidized under repetitive flash exci- 
tation and therefore a back reaction arises be- 
tween P-680* and Q;. This interpretation would 
imply that progressing trypsination accelerates the 
regeneration of Z°% (as shown for inside-out 
vesicles, see Ref. 19) so that under the same 
excitation conditions the extent of the 10-us com- 
ponent increases, The P-680*-reduction pattern in 
mildly trypsinized (pH = 6.0) PS II membrane 
fragments is markedly affected by addition of 
CaCl,. In respect to the origin of the CaCl, 
reversible kinetics arising due to mild trypsin 
treatment, an interesting finding should be men- 
tioned. The extent of the 200-ps relaxation kinet- 
ics is not affected by exogeneous PS II donors 
(data not shown) that are known to feed electrons 
efficiently to Z, if the water-oxidizing enzyme 
system Y is destroyed (e.g., by Tris-washing), but 
do not compete with dioxygen evolution in func- 
tionally competent samples. This result indicates 
that the shielding effect exerted by polypeptides 
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Fig. 3. Relative extent of the 10-us and 200-ps kinetics in the 
overall decay of 830 nm absorption changes in PS II mem- 
brane fragments as a function of incubation time with trypsin 
at pH = 7.5 Experimental conditions as described ın Materials 
and Methods. 


which are probably related to the water-oxidizing 
enzyme system Y is not eliminated by the mild 
trypsin treatment. On the other hand, the pattern 
of P-680* reduction becomes significantly af- 
fected. Therefore, it appears reasonable to assume 
that a mild proteolytic attack causes structural 
changes which modify the functional connection 
between reaction center and water-oxidizing en- 
zyme system Y without degrading the functional 
capacity of the latter operational unit. In Fig. 1 
the extent of the nanosecond kinetics was shown 
to become increasedby addition of CaCl,. This 
effect is pronounced in PS-II membrane frag- 
ments trypsinized at pH = 6.0. Therefore, it was 
interesting to analyze the CaCl,-induced trans- 
formation of the relaxation pattern. Fig. 4 depicts 
the relative extent of ns, 10-us and 200-us compo- 


nents as a function of incubation time with tryp- 
sin at pH=6.0 and of its modification by ad- 
dition of 10 mM CaCl, after the indicated time of 
proteolysis. The data reveal two characteristics: 
(a) CaCl,-addition partly restores the contri- 
butions of nanosecond kinetics and (b) the 200-us 
component is markedly reduced after CaCl, ad- 
dition, whereas the 10-us kinetics remains almost 
unaffected. 

The partial restoration of the nanosecond kinet- 
ics by CaCl, could be related to specific effects of 
Ca** and/or Cl~ [21-23,27-29] or simply caused 
by structural effects due to nonspecific electro- 
static interactions that are changed by salt ad- 
dition. In order to test these alternatives experi- 
ments with different salts were performed in 
trypsinized PS IJ membrane fragments. A relative 
simple method was applied for the determination 
of the restoration degree. The results of Fig. 1 
show that the extent of nanosecond kinetics can 
be easily determined as the difference of the am- 
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Fig. 4. Relative extent of the ns, 10-~s and 200-s kinetics in 
the overall decay of 830 nm absorption changes in PS II 
membrane fragments as a function of incubation time with 
trypsin at pH = 6.0 ın the absence and after addition of 10 mM 
CaCl,. Experimental conditions as described in Materials and 
Methods Open symbols, experiments without CaCl,; closed 
symbols, with CaCl,. 


plitudes at 1 ps, measured in the presence of 3 
mM NH.OH and its absence, respectively, i.e. 


A Asso = A Agi ( + NH20H) — A A380 (— NH,OH) 


This relation can be applied only if the 830 nm 
absorption changes remain invariant (in extent 
and kinetics up to 1 ws) to different salt additions. 
This was shown to be practically the case for all 
salts tested (data not shown). Taking into account 
A A5}3(+-NH.,OH) = constant, the reconstitution 
factor related to the CaCl, effect can be expressed 
by Eqn. 1: 


A Rat =" | 


ae ae | 
A A}kS (control) — A A58 (10 mM CaCl, ) ian 


(1) 


where AR? , represents the normalized reconstitu- 
tion factor of the extent of the nanosecond kinet- 
ics in PS JI membrane fragments trypsinized at 
pH = 6.0. 10 mM CaCl, was used as reference, 
because at this concentration the restoration effect 
completely saturates [30]. 

The data obtained for different salts are sum- 
marized in Table I in terms of percentage recon- 
stitution, i.e. 100 xX AR% The results clearly 
demonstrate that the restoration of the nanose- 
cond kinetics is dominated by Ca** and that Cl~ 
plays only a marginal role. Ca?* can be sub- 
stituted to a marked extent by Sr?* and partly by 
Ba**. whereas Mg?*, Mn** and monovalent ca- 
tions are almost inefficient. It should be men- 


TABLE I 
Salt added ____AAaho (control) — AAgio(salt) 
„A A488 (control) — A A83 (10 mM CaCl, ) 
10 mM CaCl, 100 
10 mM Ca(NQ3). 92 
10 mM Ca(OAc), 89 
10 mM Ca(OAc), 
{assay medium—Cl~) 74 
10 mM SrCl, 85 
10 mM BaCl,* 43 
10 mM MgCl, g 
10 mM MnCl, 39 
10 mM NaCl 0 
100 mM NaCl 15 


10 mM KCI 0 
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Fig. 5. Absorption changes at 830 nm induced by a train of 
four flashes in dark-adapted normal and trypsinized PS II 
membrane fragments at pH = 6.0 in the absence (left side) and 
presence (right side) of 10 mM CaCl,. Expenmental condi- 
tions as described m Materials and Methods. 


tioned that Ba** causes additionally a time-de- 
pendent inhibition. Therefore the data of Table I 
for Ba** refer only to the initial activity. The 
degree of the conversion of nanosecond kinetics of 
P-680*-reduction in PS II membrane fragments 
into decay components in the microsecond range 
by mild trypsin treatment at pH = 6.0 as well as 
the extent of restoration by 10 mM CaCl, varied 
quantitatively for different preparations. The same 
qualitative behaviour, however, was observed in 
all samples that were used in this study. The 
above-mentioned results support the idea that a 
specific structural modification affects the reduc- 
tion kinetics of P-680*. Now the question arises 
about the functional site of the trypsin-induced 
effect and its partial reversal by Ca**. Fig. 5 
depicts the absorption changes induced by a flash 
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train in dark-adapted PS II membrane fragments. 
The data indicate a progressive increase of the 
slow kinetics during the flash train (the steady 
state is reached only after 20—30 flashes, data not 
shown). This pattern is not indicative for a selec- 
tive blockage of Z°*-reduction at a specific redox 
state S, (see Discussion). In order to test a possi- 
ble correlation between the extent of the nanose- 
cond kinetics and the oxygen evolving capacity, 
the average oxygen yield per flash was measured 
under comparable experimental conditions (see 
Materials and Methods). In most of our experi- 
ments oxygen was found to be less sensitive than 
the nanosecond kinetics to mild trypsin at pH = 
6.0, as is shown in Fig. 6. Unfortunately, we 
observed for different preparations marked devia- 
tions from the pattern depicted in Fig. 6. There- 
fore unambiguous conclusions cannot be drawn at 
this point. However, the opposite effect, i.e., per- 
sistence of nanosecond kinetics to specific treat- 
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Fig 6 Average oxygen yield per flash and extent of the 
nanosecond kinetics in the overall decay of 830 nm absorption 
changes in PS IT membrane fragments as a function of incuba- 
tion time with trypsin at pH = 6.0 in the absence (top) and 
after additions of 10 mM CaCl, (bottom). Experimental con- 
ditions as described in Matenals and Methods 


ments that highly suppress oxygen evolution, was 
recently well established [31]. Therefore, the rela- 
tive extent of the nanosecond kinetics of P-680* 
reduction cannot be used as an unambiguous 
quantitative measure for the percentage of func- 
tionally competent water-oxidizing enzyme sys- 
tems. So far we have analyzed the modification of 
the P-680*-reduction pattern by mild trypsin 
treatment at pH = 6.0 and the Ca**-induced par- 
tial restoration. Recently, it was shown that CaCl, 
in the assay medium affects also the susceptibility 
to trypsin of herbicide binding and the p-benzo- 
quinone-mediated electron transport in PS II 
membrane fragments [32]. This protective effect to 
tryptic attack was further investigated by measure- 
ments of room temperature fluorescence induction 
curves in PS-IJ membrane fragments that were 
trypsinized at pH = 7.5 in the absence or presence 
of 10 mM CaCl.,. Fig. 7 shows the effect of 
increasing incubation time with trypsin. After a 
few minutes trypsination in the absence of CaCl, 
interruption takes place of electron transfer from 
QA to Qs. This effect causes a fast fluorescence 
rise. The retardation of the subsequent slower-ris- 
ing part probably reflects two effects: a fraction of 
the PS-II centers could remain connected with the 
total plastoquinone pool, and in addition the donor 
side activity degrades too. Further, the decrease of 
the maximum fluorescence reflects a trypsin-in- 
duced quenching, probably by effects of trypsin 
on the light-harvesting complex ‘[33~35]. A 
markedly different pattern is observed, if trypsin 
treatment is performed in the presence of CaCl,. 
Under these conditions, the acceptor side is highly 
protected against tryptic attack as shown by the 
invariance of the fast-rising part of variable fluo- 
rescence. This result is in perfect agreement with 
corresponding lines of evidence from herbicide 
binding studies and measurements of p-BQ-medi- 
ated electron transfer [32]. 

In PS II membrane fragments trypsinized at 
pH = 7.5 in the absence of CaCl, the shape of the 
fluorescence induction curve becomes only slightly 
changed after addition of 3 mM NH,OH (data ` 
not shown). This result indicates that the trypsin- 
induced blockage at the acceptor side involves a 
large fraction of the PS II reaction centers. A 
markedly different pattern is observed if 10 mM 
CaCl, is present during the 10 min trypsin treat- 
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Fig. 7. Fluorescence yield as a function of actinic illumination in normal and trypsimzed PS II membrane fragments: (a) control, (b) 
I min; (c) 3 min; (d) 5 min, (e) 10 min and (f) 20 min. PS II membrane fragments were trypsinized at pH = 7 5 in the absence or 
presence of 10 mM CaCl,. The level indicated at the end of each induction curve was taken after 7 s Experimental conditions as 


described in Matenals and Methods 


ment. In this case, the acceptor side is highly 
protected against tryptic attack, whereas the 
donor-side capacity appears to be diminished due 
to degradation of the water-oxidizing enzyme sys- 
tem. Addition of 3 mM NH,OH almost com- 
pletely restores the inducation curve of the control 
samples (data not shown). Accordingly, in the 
presence of CaCl, the donor side is less resistant 
to tryptic attack than the acceptor side. 
Fluorescence measurements also show [30] that 
the protective function of Ca?* regarding further 
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Fig. 8. Fluorescence yield as a function of actinic illumination 
time in PS II membrane fragments: (a) control; (b) trypsinized 
for 20 s at pH = 75 in the absence of CaCl,; (c) trypsinized 
for 10 min ın the presence of 10 mM CaCl, , (d) trypsinized for 
20 s, then addition of 10 mM CaCl, and further trypsination 
up to 10 min. Other expermmental conditions as described in 
Material and Methods 


proteolytic degradation disappears after trypsin 
treatment of PS II membrane fragments. Two 
questions are of mechanistic relevance. (a) Does 
the loss of Ca?* protection after trypsin treatment 
kinetically coincide with the proteolytic degrada- 
tion of PS II? (b) Does the protective function 
exhibit the same specificity as the partial restora- 
tion effect of the nanosecond kinetics? 

The experimental data depicted in Fig. 8 show 
that a trypsin treatment of only 20 s is sufficient ` 
for preventing the protective action of added 
CaCl,. On the other hand, the 20 s trypsination 
itself hardly affects the fluorescence curve. This 
interesting finding indicates that the potency of 
Ca** to act as protectant is lost after a rather 
short trypsin treatment which does not affect the 
general pattern of PS II electron transport. Specific 
surface modifications are assumed to be responsi- 
ble for this phenomenon. Referring to the specific- 
ity of the Ca**-induced protection to trypsin ex- 
periments were performed with different salts. The 
protective effect was found to be much less specific 
than the restoration of the nanosecond kinetics. 
All bivalent ions tested exhibit similar effects. 


Discussion 


The present study shows that trypsin treatment 
at pH = 6.0 markedly affects the P-680* reduction 
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by transforming part of the nanosecond kinetics 
into markedly slower kinetics. Taking into account 
the effect of trypsin on the polypeptide pattern 
[16,19] the data reflect a structural modification of 
the PSII donor side leading to a change of the 
electron-transport pattern. For the 200-ys kinetics 
this modification can be functionally compensated 
to a significant extent by the specific action of 
Ca?* salts. This phenomenon implies different 
questions of mechanistic relevance for the func- 
tional and structural organization of the PS II 
donor side. (1) What is the origin of the 
trypsin-induced 200-ys reduction kinetics of P- 
680+? (2) What is the nature of the Ca?*-binding 
site? (3) What is the functional role of Ca?*? 
Two alternative interpretations can be pro- 
posed for the trypsin-induced 200-ps back reac- 
tion: (a) blockage of electron transport from the 
water-oxidizing enzyme system Y to Z% giving 
rise to a back reaction between P-680* and Q;, 
or (b) retardation of the electron-transfer kinetics 
from Z to P-680*. The former proposal could be 
in line with recent reports on NaCl-washed sam- 
ples. Measurements of ultraviolet absorption 
changes (320 nm) and of the average oxygen yield 
per flash in inside-out vesicles indicated that after 
removal of the 23 kDa protein a back reaction 
between P-680* and Q3 probably arises under 
repetitive flash excitation at the expense of the 
oxygen-evolving capacity [36]. Based on delayed 
fluorescence and oxygen-yield measurements in 
dark-adapted NaCl-washed PS II membrane frag- 
ments deprived of their 18 and 23 kDa 
polypeptides the redox transition S, Z° — S,Z + 
O,+2H* was inferred to be blocked. The reac- 
tion can be restored by Ca?* [37]. Likewise, under 
comparable conditions a partial loss of oxygen 
evolution and a concomitant increase of the EPR 
signal II, have been observed that can be reversed 
by Ca?t, but not by other cations [22,38]. There- 
fore, our present data could be analogously ex- 
plained by a trypsin-induced degradation of the 
18 and 23 kDa polypeptides which causes a Ca?* 
reversible blockage of Z% reduction by S,. This 
would lead to a P-680* Qz back reaction under 
repetitive flash excitation. Measurements of 320 
nm absorption changes (data not shown) are not 
in contradiction to this idea, but do not provide 
an unambiguous proof. However, other tests are 


available. If the appearance of the 200-us kinetics 
at the expense of the nanosecond reduction of 
P-680* after mild trypsin treatment (pH = 6.0) is 
exclusively due to blockage of S, oxidation by Z™, 
then two effects should be observed: (a) stoichto- 
metric correlation between the average oxygen 
yield per flash and the extent of the nanosecond 
kinetics; (b) excitation of dark-adapted trypsinized 
samples with a flash train should exhibit a rather 
small extent of the 200-us kinetics after the first 
three flashes followed by a marked increase after 
the 4th flash due to formation of the state 
S, || Z°*P-680* QZ. Both phenomena have not 
been observed at the expected degree (see Figs. 5 
and 6). Therefore, we conclude that trypsin treat- 
ment affects the electron-transfer rate not only 
between the water-oxidizing enzyme system Y and 
Z*, but also between Z and P-680*. The quanti- 
tative correlation of these effects remains to be 
clarified. 

The trypsin-induced functional modification of 
the PS II donor side appears to be closely related 
to the site of Ca** action. It is now well estab- 
lished that the surface-exposed polypeptides of 18, 
23 and 33 kDa do not contain the Ca**t-binding 
site (for a recent review, see Ref. 17). Recently, it 
was shown that after removal of the 23 kDa 
polypeptide a light-induced conformational change 
takes place at a not yet identified intrinsic poly- 
peptide that opens the Ca*+-binding site to the 
outer aqueous medium [39]. Ca** release is as- 
sumed to cause blockage of oxygen evolution. 
Addition of sufficient exogenous Ca?* saturates 
the binding site and restores oxygen evolution via 
an unknown mechanism. Based on thermo- 
luminescence and oxygen-yield measurements in 
dark-adapted PS IJ membrane fragments, Ca** 
was inferred to be required for the functional 
integrity of system Y through an all-or-none-type 
mechanism [40]. Furthermore, it is interesting to 
note that after depletion of the surface-exposed 
polypeptides the Ca**-induced restoration of 
oxygen evolution exhibits a marked heterogeneity 
[40]. A similar heterogeneity of the Ca** effect 
has been also observed in PS II membrane frag- 
ments deprived of their 18 kDa and 23 kDa 
polyeptpides by NaCl washing. The existence of a 
high affinity (50-100 uM) and a low affinity (1-2 
mM) binding site was reported [41]. A quantita- 


tive analysis of the restoration effect of P-680*-re- 
duction kinetics reported here as a function of 
CaCl, concentration led to the conclusion that the 
Ca** effect is a cooperative effect implying at 
least two binding sites with affinities of 60 pM 
and 1.3 mM [30]. These values are in close corre- 
spondence with the above-mentioned data [41] 
and latest findings in NaCl-washed wheat PS II- 
membrane fragments [42]. This suggests that the 
effect induced by mild trypsin treatment (pH = 
6.0) is caused predominantly by microenviron- 
mental changes of the same Ca*+-binding site(s) 
that is (are) also affected by NaCl washing. There- 
fore, removal (NaCl washing) or desintegration 
(trypsin, pH =.6:0) of the surface-exposed poly- 
peptides markedly affects the binding of Ca?* 
that is functionally relevant to water oxidation. 
However, it remains to be clarified whether the 
regulatory function of Ca** implies only one 
binding site per PS II or two cooperatively inter- 
acting binding sites. As Ca?* cannot act as a 
redox active group its function is assumed to be a 
tuning of the reaction coordinates at the donor 
site by structural ‘calibration’ of the polypeptide 
matrix and/or electrostatic affects. Our data con- 
firm that the effect of Ca** is rather specific [22]. 
The mechanistic implications of this specificity 
have to be identified in future work. It is interest- 
‘ing to note that after harsher trypsin treatment 
(pH = 7.5), a pH-dependent 2-20 us kinetics 
emerges for the P-680* reduction which cannot be 
reversed by Ca**. In this case the water-oxidizing 
enzyme system becomes irreversibly destroyed [16]. 
Beyond the Ca** restoration of functional de- 
fects at the donor side due to Ca** release after 
mild trypsin treatment (pH = 6.0) a marked pro- 
tection effect against proteolytic degradation of 
the acceptor side is observed, if Ca?* is present in 
the assay medium. This effect 1s very likely related 
to a tight membrane appression which hampers 
trypsin attack. The implications of this protection 
shall not be discussed extensively in this study. 
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Thylakoids from dark-adapted leaves phosphorylated histone III faster in the light than in the dark, such 
process being the resultant of a light activation of a threonine protein phosphorylation and a light 
inactivation of a serine protein phosphorylation. Phosphorylation of histone IHI by thylakoids from 
dark-adapted leaves showed an optimal pH of 7.1 in the light and of 8.5 in the dark. Storage of the 
thylakoids at — 20°C for 3 weeks completely abolished threonine phosphorylation, but had minor effect on 
serine protein phosphorylation which was also inhibited by illumination during the protein kinase assay. 
Preillumination of the spinach leaves inactivated the serine protein phosphorylation catalyzed by thylakoids. 
These results are consistent with the presence of two distinguishable thylakoid-bound protein kinase 
activities in terms of their response to light, optimal pH and specificity for amino acid residue in the protein 


substrate. 
Introduction 


The energy distribution between the two photo- 
systems in higher plant chloroplasts is regulated 
by the phosphorylation of the light-harvesting, 
chlorophyll-protein complex (LHCP) [1] by a 
thylakoid-bound protein kinase which is in turn 
activated by the reduced state of plastoquinone 
[2,3]. The LHCP protein kinase is specific for 
threonine residues in endogenous substrates [4]. It 
is consensus that thylakoids contain more than 
one protein kinase [5-9]. Chloroplast protein 


Abbreviations: P,, inorganic phosphate; Tricine, N-(2-hy- 
droxy-1,1-bis-(hydroxymethyl)ethyllglycine; Mes, 4-morpho- 
lineethanesulphonic acid, Mops, 4-morpholinepropane- 
sulphonic acid 
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kinase 1 (ChIPK,) and chloroplast protein kinase 
2 (ChlPK,) are thylakoid serine protein kinases 
which can be purified by extraction with deter- 
gents and phosphorylate a number of exogenous 
substrates [6,7]. From the existence of at least two 
thylakoid-bound serine protein kinases it might be 
predicted that these membranes should catalyze 
serine protein phosphorylation in endogenous 
and/or exogenous substrates. In this paper we 
show that using histone III as exogenous substrate 
it is possible to distinguish threonine protein kinase 
activity from serine protein kinase activity of the 
thylakoids in terms of their sensitivity to freezing 
and thawing of the membranes, modulation by 
light and optimal pH. 


Materials and Methods 


| Materials 


Phosphoserine, phosphothreonine, phosvitin, 
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casein, histone I]-AS and lysine rich histone HIS 
were from Sigma Chemical Co. (U.S.A.). Carrier- 
free ?P, was from Dupont NR. P. Boston, MA. 
Salt-free, carrier-free [y-° P]ATP was prepared as 
in Ref. 10. Spinach (Spinacia olearacea L.) plants 
were grown under environmental-controlled con- 
ditions for 4 weeks at 21°C and 70% relative 
humidity with a 10-14 h light-dark periods at a 
photosynthetic light intensity of 7-10! quants - 
m7?-s7}, 


Chloroplast isolation 

Spinach leaves (6 g), cut from the plants after 
10-12 h of dark period, were left in the dark at 
room temperature of illuminated with a 150 W 
tungsten lamp through 2 cm of 1% CuSO, as a 
heat-absorbing filter for 30 s as described [11]. 
Chloroplasts were rapidly isolated in the dark as 
described [12], by homogenization of the leaves in 
10 ml of a medium containing 250 mM sucrose/10 
mM NaCi/10 mM MgCl,/0.1 mM EDTA/20 
mM Tricine-NaOH (pH 8). Isolated chloroplasts 
were washed twice in 10 mM NaCl/10 mM 
MgCl,/0.1 mM EDTA/10 mM Tricine-NaOH 
(pH 7.3) and resuspended in the same medium to 
a final concentration of 1 mg chlorophyll per ml. 
Chlorophyll concentration was determined as de- 
scribed [13]. 


Protein kinase assay 

Thylakoids (25 ug chlorophyll) were incubated 
at 25°C in the dark in a medium (120 u1) contain- 
ing 75 mM Mes/Mops/Tricine buffer (25 mM 
each) adjusted to pH 7.3 unless otherwise 
stated/10 mM MgCl,/100 pM [y-??P]ATP 
(500-1000 cpm per pmol)/50 pg histone III. The 
assay was terminated by addition of 5 pl 0.4 M 
ATP and 30 ul 1 M HCl. Histone was recovered 
in the supernatant after centrifugation for 2 min 
at 13000 rpm in an Eppendorf microcentrifuge. 
When casein or phosvitin was used as substrates, 
the kinase assay was terminated by addition of 5 
ul 0.4 M ATP and centrifuged to sediment 
thylakoids. Aliquots (50 u1) from the supernatant 
were spotted on Whatman 3 mm paper (2 X 2 cm) 
and protein kinase assay was pursued as described 


[6]. 


Phosphoamino acid analysis 
After termination of the protein kinase assay as 


indicated above, proteins in the supernatant (50 
pl) were precipitated with 50 l 50% trichloro- 
acetic acid. Elimination of the excess of radioac- 
tive ATP, acid hydrolysis of the proteins, high- 
voltage paper electrophoresis to resolve the phos- 
phoamino acid and detection of the phosphory- 
lated amino acids were carried out as described 
[6]. Samples were hydrolyzed and processed under 
identical conditions to compare their relative 
amounts of phosphoamino acids [14]. The stan- 
dard error for the determination of each phos- 
phoamino acid in samples by triplicate was always 
lower than 5% of the mean value presented as 
107? cpm. 


Results 


After phosphorylation of histone III, thylakoids 
were precipitated with hydrochloric acid and the 
phosphoamino acids present and the level of pro- 
tein phosphorylation corresponding to histone III 
were determined in the supernatant. Therefore, 
the results reported here do not correspond to 
those of endogenous proteins of thylakoids. Phos- 
phoserine was the only phosphoamino acid found 
in histone HI when it was phosphorylated by fresh 
thylakoids in the dark (Fig. 1). The same result 
was observed when histone II, casein or phosvitin 
was used as a Substrate (data not shown). 

Light stimulates histone HI phosphorylation by 
fresh thylakoids [15]. Analysis of phosphoamino 
acids showed that this light stimulation is the 
resultant of two opposite effects: a stimulation of 
threonine phosphorylation and an inhibition of 
serine phosphorylation (Fig. 1). DCMU prevented 
the light-dependent phosphorylation of histone ITI 
in threonine residues, but did not prevent the light 
inactivation of histone III phosphorylation in 
serine residues (Fig. 1). The radioactivity re- 
covered in the phosphoamino acid spots is shown 
in Fig. 1B. 

Storage of the thylakoids at — 20°C for 3 weeks 
inhibited the light-activated protein kinase in- 
volved in the phosphorylation of LHCP (data not 
shown). However, these frozen-thawed mem- 
branes preserved most of the activity observed in 
fresh thylakoids that phosphorylated histone IH in 
the dark. Illumination during the assay inhibited 
histone III phosphorylation by frozen-thawed 
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Fig 1 Phosphoamino acids ın histone III phosphorylated by 
fresh or frozen-thawed thylakoids. Protein kinase assay and 
phosphoamino acid analysis were described under ‘Experimen- 
tal procedures’ (A) Autoradiography of the phosphoamino 
acid analysis of histone III phosphorylated by thylakoids from 
dark-adapted leaves. The specific activities for the phosphory- 
lation of histone III by fresh thylakoids were 1.8 and 6 nmol 
*2p/min per mg chlorophyll in the dark and ın the light, 
respectively; for frozen-thawed thylakoids the activities were 
1.9 and 03 nmol **P/min per mg chlorophyll in the dark and 
in the light, respectively (B) 107° cpm counted in the phos- 
phoamino acid spots. 


thylakoids from 1.9 to 0.3 nmol 7*P/min per mg 
chlorophyll. Phosphoamino acid analysis indi- 
cated that only serine residues were phophorylated 
in the dark by frozen-thawed thylakoids (Fig. 1A), 
such phosphorylation being inhibited by light from 
6700 cpm to 928 cpm (Fig. 1B). DCMU did not 
prevent the light inactivation of serine protein 
phosphorylation in histone III by frozen-thawed 
thylakoids. 

Histone III was phosphorylated by fresh 
thylakoids from dark-adapted leaves at different 
pH values in the light and in the dark. The opti- 
mal pH values for histone phosphorylation were 
7.1 and 8.5 in the light and in the dark, respec- 
tively (Fig. 2A). The phosphoamino acid analysis 
of histone II phosphorylated in the light and in 
the dark at pH 6.5, 7.3 and 8.5 is shown in Fig. 
2B. In the light both phosphoserine and phos- 
phothreonine were detected in all the pH values 
assayed, while phosphoserine was prevalent in the 
dark. The radioactivity recovered in the phos- 
phoamino acid spots indicated that in the light 
histone III was preferentially phosphorylated in 


Protein Kinase 


79 


ao 


> 


P min! mgChiorophyli7') 
N fe 


32 


3 0 
E 6 8 6 8 






3o 





Fig 2 Effect of pH on histone III phosphorylation ın the hght 
and ın the dark by fresh thylakoids Protein kinase activity of 
thylakoids from dark-adapted leaves and phosphoamino acid 
analysis were carned out as descnbed in the text (A) pH 
titration of histone III phosphorylated in the light (O O) 
or in the dark (@ @). (B) Autoradiography of the phos- 
phoamino acid analysis of histone III (C) (107? cpm) in the 
phosphoamino acid spots corresponding to (B). 








threonine residues at pH 6.5 and 7.3. At higher 
pH values the ratio phosphoserine/phospho- 
threonine was close to the unit (Fig. 2C). On the 
other hand, in the dark, histone II] was mainly 
phosphorylated in serine residues with maximal 
incorporation at pH 8.5 (Fig. 2C). The optimal pH 
values determined by the radioactivity recovered 
in the phosphoamino acid spots (Fig. 2C) were 
consistent with the values determined by protein 
kinase assay (Fig. 2A). 

Thylakoids from dark-adapted leaves phos- 
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Fig 3 Phosphorylation of histone IM by thylakoids from 
preillumnated or dark-adapted leaves (A) Histone HI was 
phosphorylated in the dark by thylakoids from dark-adapted 
leaves (@ @) or by thylakoids from preilluminated leaves 
(O ©) ım the presence of 60 ug/ml Dio-9 (a, a) or 100 
nm gramicidin (O, W) (B) Autoradiography of the phos- 
phoamino acid detected in histone III phosphorylated for 10 
min by thylakoids from dark-adapted leaves (upper) or by 
thylakoids from preilluminated leaves (lower) Numerals are 
107? cpm. 








phorylated histone III in the dark 1.9-folds faster 
than thylakoids from leaves that were preil- 
luminated with incandescent light (Fig. 3A). The 
addition of Dio-9, an inhibitor [16] or gramicidin, 
a deactivator [12] of the thylakoid-bound proton 
ATPase to the protein kinase assay medium did 
not alter the control rates of histone phosphoryla- 
tion (Fig. 3A), suggesting that the proton ATPase 
which is activated by preillumination of the leaves 
[12], does not interfere with the assay under our 
experimental conditions. The phosphoamino acid 
found in histone III, phosphorylated by thylakoids 
as in Fig. 3A was phosphoserine regardless the 
pretreatment of the leaves. Moreover, the level of 
radioactivity recovered as phosphoserine in his- 
tone III was lower when the substrate was phos- 
phorylated by thylakoids from preilluminated 
leaves (1600 cpm) than when it was phosphory- 
lated by thylakoids from dark-adapted leaves (3500 
cpm) (Fig. 3B). 


Discussion 


LHCP protein kinase is specific for threonine 
residues in endogenous substrates [4] and its 


activation is linked to the reduced state of plasto- 
quinone [2,3]. DCMU prevents the light activation 
of LHCP protein kinase by blocking the electron 
transport before the reduction site of platoquinone 
[2,3]. Histone III is phosphorylated by thylakoids 
in threonine residues only in the light and such 
phosphorylation is prevented by DCMU, which 
suggests that the reaction is catalyzed by LHCP 
protein kinase (Fig. 1). Histone HI is also phos- 
phorylated by thylakoids in serine residues but 
this phosphorylation is partially prevented by light 
(fig. 1). This light mactivation does not require 
reduced plastoquinone for it is not prevented by 
DCMU (Fig. 1). Neither is it the result of a 
competition of serine protein kinases with 
threonine protein kinase(s) for it is also observed 
with frozen-thawed thylakoids which lack 
threonine protein kinase activity (Fig. 1). 

The inactivation by light of serine phosphoryla- 
tion in histone HI was also observed when intact 
leaves were illuminated prior to the isolation of 
thylakoids (Fig. 3) suggesting that the negative 
modulation by light of this serine protein kinase 
activity may also occur under physiological condi- 
tions. 

The different optimal pH (Fig. 2A), the oppo- 
site response to the light (Fig. 1 and Fig. 3) and 
the different sensitivity to freezing and thawing of 
the membranes (Fig. 1) indicate that serine pro- 
tein kinase and threonine protein kinase activities 
of thylakoids are distinguishable in functional 
terms. On one hand there is a light-activated pro- 
tein kinase activity that phosphorylates LHCP 
and histone III in threonine residues which can be 
referred to as thylakoid threonine protein kinase. 
This activity may be composed of more than one 
enzyme [9] and it is physiologically involved in the 
regulation of the state transition [1,17]. On the 
other hand, there is a protein kinase activity phos- 
phorylating histone III and endogenous proteins 
of thylakoids (unpublished data) in serine residues 
which can be referred to as thylakoid serine pro- 
tein kinase. Since two serine kinases were purified 
from spinach thylakoids [6,7], at least one of them 
is likely to be inactivated by light. The mechanism 
of light inactivation, the identification of endoge- 
nous substrates and the physiological role of the 
intrinsic serine kinases of thylakoids are as yet 
unknown. 


The use of histone as exogenous substrate has 
provided a nbn-physiological, albeit useful, means 
to trace intrinsic thylakoid protein kinases. Phos- 
phoamino acid analysis of the phosphorylated 
substrate was essential not only to differentiate 
the protein kinases according to their amino acid 
specificity, but also to allow the detection of a 
negative modulation by light of an intrinsic 
thylakoid serine protein kinase otherwise masked 
‘in standard protein kinase assays. 
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Mitochondrial dysfunction in ischemic liver has been demonstrated to be due to decrease in the in- 
tramitochondrial level of ATP and the subsequent disruption of the proton barrier of the inner membrane 
(Watanabe, F., Hashimoto, T. and Tagawa, K. (1985) J. Biochem. 97, 1229-1234). In this study, another 
injury process, impairment of the electron-transfer system, which occurred during reoxygenation of ischemic 
liver, was studied during reperfusion of cold preserved liver and during cold incubation of isolated rat-liver 
mitochondria. The sites of the respirtory chain that were sensitive to peroxidative damage were ubiquinone- 
cytochrome c oxidoreductase and NADH-ubiquinone oxidoreductase. These enzymic activities decreased 
with increase in lipid peroxidation. Incubation of submitochondrial particles with t-butyl hydroperoxide or 
with an NADPH-dependent peroxidation system decreased the enzymic activities of the electron-transport 
system. These data strongly suggested that lipid peroxidation during reoxygenation of ischemic liver 
impaired the electron-transfer system. Thus, mitochondria of ischemic liver suffer from two different types 
of injury: increase in proton permeability during anoxia, and decrease in enzymic activities of the 
electron-transport system during reoxygenation. 


Introduction capacity of mitochondria [1-3]. Previously, we 
demonstrated that mitochondrial dysfunction dur- 
ing ischemia was caused by increased proton per- 


meability through the inner mitochondrial mem- 


Prolonged ischemia causes functional and 
structural damage of cells, and finally leads to cell 


death. The biochemical mechanism of cell death is 
still not fully understood, but it has been widely 
accepted that irreversible damage in ischemia is 
due to loss of the oxidative phosphorylation 


Abbreviations: DCIP, 2,6-dichloro-indophenol; CCCP, 
carbonyl cyanide m-chlorophenylthydrazone. 
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brane [4], and that this increase in proton permea- 
bility was associated with decrease of the intrami- 
tochondrial ATP level, which triggered release of 
Ca?* from mitochondria [5]. 

Another biochemical mechanism of ischemic 
damage has been reported by several workers [6-8]. 
This is called ‘reperfusion injury’, and is the 
damage caused by peroxidation of various cellular 
components during reperfusion of ischemic organs. 
This peroxidation is known to occur on intracellu- 
lar production of activated oxygen [9], and to 
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cause mitochondrial dysfunction in many cases 
[6,10]. However, the precise mechanism of 
mitochondrial dysfunction by peroxidation during 
reperfusion is still unknown. With respect to per- 
oxidative damage of mitochondria, NADPH-de- 
pendent peroxidation has been shown to decrease 
the electron-transfer activities of submitochondrial 
particles [11]. These findings strongly suggest that, 
in addition to increase in proton permeability, 
peroxidation during reperfusion causes serious 
damage of the mitochondrial respiratory chain, 
and that this type of injury is unavoidable on 
reperfusion of an ischemic organ. In this work, we 
studied the damage of mitochondria during reper- 
fusion in relation with lipid peroxidation at the 
mitochondrial membrane. We found that reperfu- 
sion of ischemic liver directly suppressed 
mitochondrial electron-transfer activities, espe- 
cially the enzymic activities of Complex I and HI, 
as the result of lipid peroxidation. 


Materials and Methods 


Male Sprague-Dawley rats weighing about 200 
g were used for liver perfusion studies, and those 
of about 350 g for isolation of mitochondria. The 
animals were starved for about 24 h and anesthe- 
tized by intraperitoneal injection of ketamine at 
100 mg/kg body weight before use. 

Perfusion of tsolated rat livers. The perfusion 
system described by Sugano et al. [12] was used. 
Livers were perfused for 50 min with Krebs- 
Henseleit bicarbonate solution containing 5.6 mM 
glucose at 30°C. The flow rate was 3 ml/min per 
g liver, the perfusion pressure was about 10 cm 
H,O, and the perfusate was saturated with 95% 
O0,/5% CO, gas mixture with a gas change device 
[13]. Then livers were flushed with Collins’ solu- 
tion [14] and incubated at 0°C for 6 h, 24h or 48 
h. They were then reperfused. The oxygen con- 
centration in the perfusion fluid leaving the liver 
was measured with a Clark-type electrode and the 
activity of aspartate aminotransferase (EC 2.6.1.1) 
in the perfusate was measured to check that perfu- 
sion was appropriate. 

Preparation of mitochondria and submitochon- 
drial particles. Mitochondria were isolated from 
rat livers as described previously [15]. Sub- 
mitochondrial particles were prepared by sonica- 
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tion of mitochondria by the method of Beyer [16], 
and were washed three times to remove super- 
oxide dismutase and glutathione peroxidase. 

Incubation of mitochondria and submitochondrial 
particels. Mitochondria (10 mg protein/ml) were 
incubated as described previously [5]. The incuba- 
tion medium consisted of 0.3 M mannitol /10 mM 
Tris-HCl (pH 7.4)/5 mM potassium phosphate 
(pH 7.4)/0.1 mM EDTA/0.1% bovine serum al- 
bumin/] mM MgCl,. The mitochondrial suspen- 
sion was divided in two: one half was incubated 
under aerobic conditions (room air), and the other 
under 95% N,/5% CO,. Under the aerobic condi- 
tions, the adequate oxygen concentration required 
to prevent increase in the rate of State-4 respira- 
tion [15] was maintained by shaking the mitochon- 
drial suspension very slowly for 24 h, 48 h and 72 
h at 4°C. For experiments on artificial peroxida- 
tion, submitochondrial particles, 5-10 mg pro- 
tein /ml, were incubated in the incubation medium 
with t-butyl hydroperoxide at 25°C. NADPH-de- 
pendent peroxidation of submitochondrial par- 
ticles were achieved in a medium containing 0.1 M 
mannitol /5 mM potassium phosphate (pH 7.4) /10 
mM Tris-HCl (pH 7.4)/0.1 mM EDTA/1 mM 
ADP/0.3 mM FeCl, at 25°C. The reaction was 
started by the addition of NADPH (0.5 mM). 

Assay methods. The rate of oxygen consumption 
by isolated mitochondria was measured with an 
oxygen electrode (PC-100, Sumitomo Electric In- 
dustries) at 25°C in reaction mixture as described 
previously [5]. Adenine nucleotides were de- 
termined by high-performance liquid chromatog- 
raphy (HPLC) as described by Watanabe et al. [4]. 
Malondialdehyde was measured by the method of 
Ohkawa et al. [17]. Cytochromes were determined 
from the reduced-minus-oxidized difference spec- 
tra as described [11]. Ubiquinones were extracted 
from mitochondria by the method of Takeda et al. 
[18] and measured by the method of Vadhanavikit 
et al. [19]. 

Enzymic activities were determined at 25°C: 
succinate oxidase and NADH oxidase were as- 
sayed polarographically with an oxygen electrode. 
Other enzymes were assayed spectrophotometri- 
cally: NADH-cytochrome c oxidoreductase from 
the decrease in A,,4, and increase in A... [20], 
cytochrome c oxidase from thedecrease in A ¿so 
[21], NADH-ferricyanide oxidoreductase from the 
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decrease in A34 [22], NADH-2,6-dichloro-in- 
dophenol (DCIP) oxidoreductase from the de- 
crease in Agoy [22], succinate-DCIP oxidoreduc- 
tase from the decrease in Aggy [23], NADH- 
ubiquinone-1-oxidoreductase from the decrease in 
A349 [24], succinate-ubiquinone-2-oxidoreductase 
from the decrease in Ag [25], and dehydro- 
ubiquinone-cytochrome ¢ oxidoreductase from the 
increase in A... [26]. Protein was determined by 
the method of Lowry et al. [27] with bovine serum 
albumin as a standard. 

Chemicals. Ubiquinone-1, and ubiquinone-2 
were kindly provided by Nisshin Seifun Co. 


Results 


Damage of mitochondrial respiratory chain on re- 
oxygenation after hypothermic incubation of rat 
livers 

There are several reports that preserved or 
ischemic organs show decreased rates of oxygen 
consumption on reoxygenation [28,29]. This was 
confirmed in this study: we found that the rate of 
hepatic oxygen consumption during reperfusion 
decreased to 92%, 78% and 63% of that initially 
after cold incubation periods of 6 h, 24 h and 48 
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Fig. 1. Changes in mitochondrial respiration rate of reperfused 
livers after hypothermic incubation Perfusion of isolated rat 
livers and hypothermic incubation were performed as described 
in Materials and Methods Mitochondna were isolated from 
livers that had been reperfused for 60 min at 30°C. O, respira- 
tion rate in the presence of uncoupler (CCCP); O, rate of 
State-3 respiration; a, rate of State-4 respiration 


h, respectively. Because the oxygen consumption 
is overwhelmingly due to mitochondrial respira- 
tion, this decrease seemed to be caused by dys- 
function of mitochondria. Threfore, we examined 
the oxygen consumption rate of mitochondria iso- 
lated from these livers after their anoxic incuba- 
tion and then reperfusion for 60 min. The rate of 
State-3 respiration decreased with that of total 
hepatic respiration and a similar decrease was also 
observed in uncoupler-released respiration. Unlike 
in the case of mitochondrial damage during warm 
anoxia, there was little increase in State-4 respira- 
tion in reperfused livers after prolonged cold in- 
cubation (Fig. 1). These results indicated that the 
mitochondrial electron-transfer system was prefer- 
entially damaged in reperfused livers after hypo- 
thermic incubation. 


Damage of the mitochondrial respiration chain dur- 
ing hypothermic incubation of isolated mitochondria 

Similar mitochondrial damage was observed 
when mitochondria isolated from normal rat liver 
were incubated under hypothermic aerobic condi- 
tions. Mitochondria incubated under aerobic con- 
ditions showed marked decrease in uncoupler-re- 
leased respiration, in striking contrast to mito- 
chondrial damage by anoxia, which showed no 
decrease in uncoupler-released respiration (Fig. 
2A and B). Decrease of the State-3 respiration rate 
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Fig. 2 Changes in mitochondrial respiration rate during-aerobic 
and anaerobic incubations. Mitochondria were incubated as 
described ın Materials and Methods At the times indicated, 
the respiration rate of mitochondria (oxidizing succinate; A 
and B) was measured. (A) showed the changes during aerobic 
incubation. (B) showed those during anaerobic incubation. O, 
respiration rate in the presence of CCCP; O, rate of State-3 
respiration; A, rate of State-4 respiration. 


and increase of the State-4 respiration rate were 
observed during both aerobic and anaerobic hypo- 
thermic incubations. The increase of the State-4 
respiration rate during aerobic and anaerobic in- 
cubations was accounted for by decrease in the 
intramitochondrial ATP level, as described previ- 
ously [4,5]. The decrease of State-3 respiration rate 
during anaerobic incubation has been shown to be 
caused by decrease of total adenine nucleotides in 
mitochondira [15]. In addition to decrease of total 
adenine nucleotides, the decrease of uncoupler-re- 
leased respiration might be partly related to de- 
crease of State-3 respiration during aerobic in- 
cubations. However, the mechanism of the repres- 
sion of electron-transfer activity observed during 
aerobic incubation seemed to be completely differ- 
ent and to involve a toxic action of activated 
oxygen, because it did not occur under anaerobic 
conditions. 


Changes in activities of enzyme complexes of the 
mitochondrial electron-transport system during hy- 
pothermic incubation 

Similar decrease in respiratory activity were 
observed with succinate and NAD-linked sub- 
strates as respiratory substrates (data not shown). 
To determine the sites that were inhibited during 
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aerobic incubation, we measured the activities of 
several enzymes involved in the mitochondrial 
electron-transport system. As shown in Fig. 3A 
and B, there was no remarkable change in the 
activity of succinate dehydrogenase (with DCIP as 
electron acceptor), NADH dehydrogenase (with 
ferricyanide or DCIP as electron acceptor), or 
cytochrome c oxidase, but NADH-cytochrome c 
oxidoreductase activity was reduced during aerobic 
incubation. Thus, the inhibitory site seemed to be 
in about the middle of the electron-transfer chain, 
and so the following three partial reactions involv- 
ing oxidation-reduction of ubiquinone were ex- 
amined. During aerobic incubation, there was no 
significant decrease in the activity of succinate- 
ubiquinone oxidoreductase, but moderate decrease 
in that of NADH-ubiquinone oxidoreductase, and 
marked decrease in that of dihydroubiquinone- 
cytochrome c oxidoreductase (Fig. 3C). In con- 
trast to the decrease in enzymic activities, little 
change was observed in the contents of electron 
carriers, such as cytochromes and ubiquinones, 
during aerobic incubation (data not shown). 


Increase of lipid peroxidation during aerobic incuba- 
tion 
Because the decreases of electron-transfer activ- 
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Fig 3 Changes in enzymic activities of mitochondria in aerobic and anaerobic conditions. Mitochondria were incubated as for Fig. 2, 
and then solubilized by 01% Triton X-100 or 0.2% deoxycholate in 50 mM potassium phosphate buffer (pH 7 4) or sonicated at the 
times indicated. (A) and (C) show changes during aerobic incubation (B) shows those during anaerobic incubation. Enzymuc 
activities are expressed as percentages of the imtial value (activities at zero tıme are given in parentheses in nmol/min per mg protein 
at 25°C) O, succinate dehydrogenase (93 7); O, NADH dehydrogenase with DCTP as electron acceptor (194), @, antimycin-sensitive 
activity of NADH cytochrome c oxidoreductase (102); A, cytochrome e oxidase (first order constant = 2.95/s per mg protein); W, 
rotenone-sensitive activity of NADH-ubiquinone oxidoreductase (45); a, succinate-ubiquinone oxidoreductase (95); X, activity of 


dihydroubiquinone-cytochrome c oxidoreductase (187). 
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Fig. 4. Increase of lipid peroxidation during aerobic incuba- 
tion Mitochondria were incubated as described in Matenals 
and Methods. Lipid peroxidation was expressed as formation 
of malondialdehyde. Incubation: ©, aerobic conditions; @, 
anaerobic conditions. 


ities during aerobic incubation seemed to be caused 
by toxic effects of activated oxygen species, we 
measured changes in the content of lipid per- 
oxides. As shown in Fig. 4, malondialdehyde for- 
mation increased with time during aerobic incuba- 
tion, but not during anaerobic incubation. These 
changes together with the absence of change in the 
contents of electron carriers strongly suggested 
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that the decrease of electron-transfer activities 
during aerobic incubation was caused by lipid 
peroxidation. 


Damage to electron-transfer activities of rat-liver 
submitochondrial particles induced by lipid per- 
oxidation 

To verify that lipid peroxidation caused the 
damage of the electron-transport system, we 
examined the toxic effects of an artificial per- 
oxide, t-butyl hydroperoxide, on the respiratory 
activity of submitochondrial particles of rat liver. 
When added to the incubation mixture, t-butyl 
hydroperoxide caused dose- and time-dependent 
decrease in the activity of succinate oxidase (Fig. 
SA). NADH oxidase was more sensitive than suc- 
cinate oxidase to t-butyl hydroperoxide (Fig. 5B). 
Concomitantly with the decreases of these en- 
zymic activities, products of lipid peroxidation, 
measured as malondialdehyde formation, in- 
creased (Fig. 5C). An experimental peroxide for- 
ming system, composed of NADPH, ADP, FeCl, 
and O,, also strongly inhibited the activities of 
succinate and NADH oxidases (Fig. 6). The activ- 
ity of NADH oxidase was slightly more sensitive 
than that of succinate oxidase to this system as it 
was to t-butyl hydroperoxide. This was probably 
because NADH oxidase has one more site than 
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Fig, 5. t-Butyl hydroperoxide-induced damage of the mitochondrial respiratory chain. Submıtochondral particles were incubated as 
described in Materials and Methods At the times indicated, the activities of succinate oxidase (A), NADH oxidase (B), and lipid 
peroxidation (C) were measured. Enzymuc activities are expressed as percentages of the initial value (activities of succinate oxidase 
and NADH oxidase at zero time are 47.0 + 6.50 and 124+ 6.24 nmol O, /min per mg protein at 25°C, respectively) O, no addition; 
A, 2 mM t-butyl hydroperoxide; O, 5 mM t-butyl hydroperoxide; @, 10 mM t-butyl hydroperoxide. 
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Fig 6. Effect of NADPH-dependent lipid peroxidation on the 
mitochondrial respiratory cham. Submitochondrial particles 
were incubated as described ın Materials and Methods. At the 
times indicated, the activities of succinate oxidase (O, @) and 
NADH oxidase (0, W) were measured, Enzymic activities are 
expressed as percentages of the initial value as Fig. 5. O and OQ), 
control, @ and @, NADPH-dependent lipid peroxidation. 


succinate oxidase that is sensitive to the peroxida- 
tion (Fig. 3A and B). These data showed that lipid 
peroxidation caused decrease in the electron- 
transfer activities of mitochondria during reperfu- 
sion and during aerobic incubation. 


Discussion 


The present study together with a previous 
study on mitochondrial damage during anoxia 
[1,4,5,15] showed that two different biochemical 
mechanisms of mitochondrial dysfunction were 
involved in cellular injury of ischemic liver. One 
mechanism acts during anoxia, and the other on 
reoxygenation after anoxia. During anoxia, de- 
crease in the intramitochondrial ATP level causes 
release of Ca?* [5], which disrupts the barrier 
against proton diffusion of the mitochondrial in- 
ner membrane [4]. During reoxygenation, the cells 
recover from anoxic damage, but they are concom- 
itantly injured by peroxidation. Lipid peroxides 
generated by oxygen radicals have been found to 
cause various morphological and functional dis- 
turbances [7,8,30]. The present study showed that 
when hypothermically preserved liver was reper- 
fused, lipid peroxidation inhibited the activity of 
the mitochondrial electron-transport system. 
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In intact cells in mammalian liver, oxygen radi- 
cals are formed at a rate of 24 nmol O,/min per g 
[31], but normally these radicals are not detecta- 
ble, and do not cause injury because they are 
quickly scavenged by a battery of intracellular 
defence enzymes, such as superoxide dismutase, 
catalase and several peroxidases [9]. In mitochon- 
dria, about 2% of the State-4 respiration rate 
results in production of oxygen radicals [32]. The 
sites where superoxide anion is generated have 
been shown to be Complex I [33] and Complex HI 
[34,35]. These sites are closely related to the sites 
that were shown in this study to be sensitive to 
and injured by peroxidation. Probably in vivo 
oxygen radicals are degraded so rapidly that they 
can only react with lipids close to the site of their 
production. The following reasons may explain 
why oxygen damages ischemic cells on reoxygena- 
tion, but does not damage normal cells. 

(1) Reperfusion and reoxygenation result in a 
burst of free radical production because of the 
accumulation of reduced substrates during anoxia 
and ischemia [9]. Actually mitochondria produce 
much more H,O, in State-4 respiration than in 
State-3 [32], and electron carriers in Complex III 
are capable of reducing O, to OF only when they 
are reduced [34]. This is probably the main reason 
for reperfusion injury. 

(2) Substrates such as hypoxanthine, which accu- 
mulate during anoxia, are oxidized by xanthine 
oxidase with production of superoxide anion. In 
this context it is noteworthy that pretreatment 
with allopurinol has a protective effect against 
reperfusion injury [7]. 

(3) The supply of endogenous scavengers may 
decrease during ischemia. This decrease may be 
partly related to the observations of decrease in 
the cellular level of NADPH in oxidative stress 
[36,37], and decrease of superoxide dismutase ac- 
tivity during ischemia [38]. 

Free radicals generated during reperfusion after 
ischemia cause lipid peroxidation. Unsaturated 
fatty acids are the most susceptible to peroxida- 
tion because of thermodynamic stabilization of a 
free radical adjacent to an olefinic group [39} In 
mitochondria, 50% of all fatty acids are 
unsaturated and in particular cardiolipin consists 
of polyunsaturated fatty acids [40]. This, in turn, 
suggests that mitochondrial lipids, especially 
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cardiolipin, are particularly susceptible to per- 
oxidation. In fact, cardiolipin decreased rapidly in 
NADPH-dependent peroxidation in vitro [11]. In 
this connection, it is noteworthy that Fry and 
Green [41] have shown the absolute requirement 
of several mitochondrial enzymic activities for 
cardiolipin. The enzymic complex that requires 
cardiolipin involves dihydroubiquinone-cyto- 
chrome c oxidoreductase and NADH-ubiquinone 
oxidoreductase, but not NADH-ferricyanide re- 
ductase. This finding is consistent with our results. 
Thus we conclude that free radicals generated 
during reperfusion after ischemia and during 
aerobic incubation of mitochondria cause lipid 
peroxidation, probably peroxidation of cardioli- 
pin, which leads to decreases of the enzymic activ- 
ities of Complex I and III. 
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Electron donation to Photosystem H (PS ID) by diphenylcarbazide (DPC) is interrupted by the presence of 
endogenous Mn in PS II particles. Removal of this Mn by Tris treatment greatly stimulates the electron 
transport with DPC as donor. Binding of low concentration of exogenous Mn(ID) to Tris-treated PS II 
particles inhibits DPC photooxidation competitively with DPC. This phenomenon was used to locate a 
highly specific Mn(iI) binding site on the oxidizing side of Photosystem II with dissociation constant about 
0.15 uM. The binding of Mn(ID) is electrostatic in nature. Its affinity depends not only on the ionic strength, 
but also on the anion species of the salt in the medium. The effectiveness in decreasing the affinity follows 
the order F~ > SO;” > CH,COO~ > Cl” > Br~ > NO; . This observation is interpreted as follows: 
smaller ions, like F~, CH,COO~, and larger ions, like SO;~ , have inhibitory effects on Mn(II) binding, 
whereas ions with optimal size, like Ci~, Br~ and NO, , can stabilize the binding, resembling the anion 
requirement for reactivation of Cl-depleted chloroplasts. We suggest that the binding site for Mn(II) we 
observed is the site for the endogenous Mn in the O,-evolving complex of PS II. This site remains after Tris 
treatment, which removes all the endogenous Mn as well as the three extrinsic proteins, indicating that it is 
on the intrinsic component(s) of PS II reaction centers. Furthermore, the Cl~ requirement for O, evolution 
may be attributed, at least partly to its stabilizing effect on Mn binding. 

Introduction be removed by EDTA washing or by incubation 
with a low concentration of divalent cations [4,5]. 


Although the role of Mn in photosynthetic O, This pool of Mn is thought to be nonfunctional, 


evolution has been studied extensively, uncertain- 
ties about its mechanism still remain [1-3]. One of 
the complications is that there are at least three 
distinguishable pools of bound Mn in chloro- 
plasts. One pool, termed weakly bound Mn, can 


Abbreviations: Chl, chlorophyll; DPC, diphenylcarbazide; 
DCIP, 2,6-dichlorophenylindophenol; Mes, 4-morpholine- 
ethanesulfonic acid; PS II, Photosystem II; P-680, the reaction 
center of Photosystem I]; Z, the primary electron donor to 
P-680 


Correspondence: B.D Hsu, Institute of Radiation Biology, 
National Tsing Hua University, Hsin-Chu, Taiwain 30043, 
Taiwan, China. 


because its removal does not affect O,-evolution 
activity [6]. There are several treatments on chlo- 
roplasts, such as Tris [7,8], NH OH [4,9] and heat 
treatments [6,10], which release another pool of 
Mn concomitant with loss of O,-evolving capacity. 
This pool, classified as strongly bound, is consid- 
ered to be involved in water oxidation. The third 
pool, termed very strongly bound, is not removed 
by the treatments mentioned above. Its function is 
still not clear. However, it has been shown that O, 
evolution can be reactivated in Tris-treated ‘in- 
side-out thylakoid vesicles’ [11], suggesting that 
the pool of very strongly bound Mn is associated 
with water oxidation. 
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As for the Mn binding site(s), a 33 kDa extrin- 
sic protein has been found to be closely related to 
the activity of water oxidation [12,13]. Further- 
more, it has been shown that the protein binds Mn 
when released from thylakoids or PS II prepara- 
tions by osmotic shock or by a method using 
butanol in the presence of mild chemical oxidants 
[14,15]. However, it has also been shown that the 
33 kDa protein along with two other extrinsic 
proteins of sizes 24 and 18 kDa can be washed 
away (by 1 M CaCl.) without affecting the Mn 
content of PS II particles [16]. Partial reactivation 
of O, evolution by high concentrations of Cl~ has 
been demonstrated in these PS II particles [17]. 
Thus, it appears that the binding site(s) for the 
functional Mn in PS II is not yet clear. 

Cl~ has been shown to be an essential cofactor 
for O, evolution [18]. Its function, however, can be 
partially substituted by other anions, with effecti- 
veness following the order Cl” > Br” > NO; > 
I~. Smaller tons, such as F~ and OH™, act as 
competitive inhibitors, whereas larger tons, like 
SO?-, ClO; and PO}~, have no effect [19]. It has 
been suggested. that Cl~ participates in the reac- 
tion as a ligand bound to the functional Mn, and 
stabilizes the S-states of the O,-evolving complex 
[20,21]. On the other hand, it has also been pro- 
posed that Ci” neutralizes positive charges to 
produce an active conformation of the O,-evolving 
complex [22,23]. 

Most commonly used electron donors cannot 
compete with H,O, the natural donor, but they 
interact with Z, the primary electron donor to 
P-680, in Mn-depleted PS II [24]. In this study, we 
found that the endogenous Mn is the major bar- 
rier to electron donation by DPC. We also found 
that the photooxidiation of DPC by Tris-treated 
PS II particles which have been depleted of Mn 
was inhibited by adding low concentrations of 
exogenous Mn(II). This phenomenon was used to 
locate a highly specific Mn(II) binding site on the 
oxidizing side of PS II. The binding of Mn(ID is 
electrostatic in nature and is influenced by the 
species of anions present in the medium in a way 
similar to the anion requirement for reactivation 
of O, evolution in Cl~-depleted PS II. We suggest 
that the Mn(II) binding site we observed is likely 
to be the site occupied by the endogenous Mn in 
the O,-evolving complex. It is located on the in- 


trinsic component(s) of PS II and the Mn binding 
on this site is stabilized by the presence of anions 
like Cl”. 


Materials and Methods 


PS II particles from local market spinach were 
prepared with Triton X-100 as in Ref. 25 and 
stored in liquid nitrogen. The typical electron- 
transport activity was about 200 umol DCIP/mg 
Chi per h. The PS II particles were washed with 10 
mM NaCl/20 mM Mes-NaOH (pH 6.1) before 
use. For salt treatments, the particles (400 ug 
Chi/ml) were incubated at room temperature for 
15 min in a medium containing 20 mM Mes-NaOH 
(pH 6.1) and either 1 M NaCl or 1 M CaCl,. For 
Tris treatment, the particles (400 ug Chl /ml) were 
incubated in 0.8 M Tris (pH 8.5) for 15 min at 
room temperature. The three types of treated PS 
II particle were then washed twice with and resus- 
pended in 15 mM Mes-NaOH (pH 6.1). In some 
experiments, CaCl, washed PS II particles were 
further treated with EDTA. The particles (400 ug 
Chl /ml) were extracted twice with 15 mM EDTA 
followed by washing twice with and resuspension 
in 15 mM Mes-NaOH (pH 6.1). Chlorophyll con- 
centration was estimated according to Ref. 26. All 
steps were carried out at 0--4°C. 

The electron-transport activity of PS II was 
measured by DCIP reduction at room temperature 
using a homemade spectrophotometer as de- 
scribed in Ref. 27. The reaction cuvette routinely 
contained 3 ml medium of 15 mM Mes-NaOH 
(pH 6.1), 33 M DCIP and a designated amount 
of DPC if desired. MnCl, or MnSO, was added as 
inhibitor when indicated. In some experiments, 
salts of various species were also added to in- 
vestigate their effect on the inhibition by Mn(II). 
The pH effect experiments were performed in the 
same reaction medium, except that Mes-NaOQH 
(pH 6.1) buffer was replaced by Tricine-NaOH 
(pH 7.7). The PS H particles were added at a 
chlorophyll concentration of 5 wg/mil. The reduc- 
tion was monitored by absorbance change at 590 
nm and an extinction coefficient of 14.5 mM7!.- 
cm! was used. 

The assay for Mn content was done at room 
temperature with PS II particles (1 mg Chl/ml) 
pretreated with 0.5 M HCl. A Bruker ER-200D 


EPR spectrometer at 9.74 GHz was used. Instru- 
mental conditions: microwave power, 20 mW; 
modulation amplitude, 20 G; time constant, 0.5 s; 
gain, 4- 10°. To estimate the total number of Mn 
bound at various Mn(II) concentrations, Tris- 
treated PS II particles (5 ug/ml) were incubated 
at room temperature for 15 min in a medium 
containing a designated concentration of MnCl,. 
The particles were then collected by centrifugation 
followed by acid treatment. The contribution from 
unbound Mn, under this condition, was estimated 
to be less than 1%. 


Results 


In Table I, it is shown that the isolated PS II 
particles contained about 6.8 Mn/400 Chl. NaCl 
wash, which removes two proteins of molecular 
masses 24 and 18 kDa from PS II particles [28], 
resulted in no loss of Mn. PS II particles washed 
by CaCl, lose an additional 33 kDa protein [16], 
but still retained almost all the Mn. EDTA extrac- 
tion after CaCl, washing removed about 50% of 
Mn, whereas Tris treatment removed almost all 
the Mn from the PS II particles. 

Since most commonly used reductants cannot 
compete with H,O as electron donor to PS II, the 
small difference in the ability of PS II particles to 
photoreduce DCIP in the presence or absence of 
exogenous electron donor DPC indicates that DPC 
has no access to the reaction center of PS II. A 
similar phenomenon was observed in NaCl- and 
CaCl,-washed PS H particles, which retain the 
normal amount of Mn. Somewhat higher activity 


TABLE I 


Mn CONTENTS AND ELECTRON-TRANSPORT ACTIV- 
ITY OF PS II PARTICLES SUBJECTED TO VARIOUS 
TREATMENTS 


Treatments on PS II particles, Mn contents and assays for 
electron-transport activity (in pmol DCIP/mg Chl per h) were 
carried out as described in Materials and Methods Assay 
medium contained 5 pg Chl/ml PS II particles 15 mM Mes- 
NaOH (pH 6.1), 33 pM DCIP and 200 uM DPC if desired. 


Treatments Control NaCl CaCl, CaCl,/EDTA Tns 


Mn/400Chl 68 63 58 31 0.65 
H,O—>DCIP 198 50 6 0 0 
DPC~DCIP 205 66 29 68 273 
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of DCIP reduction supported by DPC (as com- 
pared with H,0-—- DCIP) was obtained in 
CaCl,/EDTA-treated PS II particles which have 
lost about 50% of Mn, and a dramatic stimulation 
in such an activity was observed in Tris-treated PS 
II particles which contain no Mn. It is believed 
that DPC interacts directly with Z in the absence 
of endogenous Mn [24]. The close relationship 
between the Mn content and the ability of DPC to 
act as an electron donor implies that the endoge- 
nous Mn is the obstruction between DPC and the 
reaction center of PS II. A similar observation was 
made in Ref. 29 with benzidine as donor. 

If a low concentration of exogenous MnCl, was 
added to Tris-treated PS I particles, the electron- 
transport activity from DPC to DCIP decreased 
accordingly, whereas no inhibition was observed 
in untreated particles (Fig. 1). Similar results were 
obtained by using either MnCl, or MnSO,, indi- 
cating the inhibition was due to Mn(II). This 
inhibition is specific for Mn(II). To achieve 50% 
inhibition, we found that, for Co(II) or Zn(ID, a 


, concentration higher than 20 uM was required, 
. whereas for Mg(II) or Call), hardly any inhibi- 


tion was observed in the same concentration range. 
The inhibition was also found to be reversible. 
Reactivation of DPC to DCIP activity was ob- 
served upon decreasing the concentration of 
Mn(Il), implying that the binding of Mn(ID is a 
reversible process (data not shown). 


a a 
100 z 7 
80 
$ 
Z 60 
= 
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O 40 
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0 1 2 3 4 5 
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Fig. 1. The effect of Mn(ID on the electron-transport activity 
from DPC to DCIP of PS I particles. Assays were carried out 
using Tris-treated (@) or untreated (a) PS II particles as 
described in Materials and Methods Assay medium contained 
5 pg Chi/ml PS I particles, 15 mM Mes-NaOH (pH 6.1), 33 
pM DCIP, 200 uM DPC and various amounts of MnCl,. 
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In addition, we investigated the light-intensity 
dependence of the electron-transport activity 
(DPC — DCIP) of Mn(Il-inhibited (0.5 pM 
MnCl.) and uninhibited Tris-treated PS II par- 
ticles, respectively. As shown in Fig. 2, the activity 
of Mn(lI)-inhibited PS II particles saturated at 
much lower light intensity than that of unin- 
hibited particles. The result indicates that the in- 
hibition by Mn(ID can be ascribed to a decreased 
rate at all PS II centers, rather than to complete 
inhibition in a fraction of the PS II population. 
Unfortunately, the number of Mn(II) binding at 
this specific site could not be determined by EPR 
spectrometer. It was found that addition of 0.5 
pM MnCl,, a concentration which will induce 
about 50% inhibition (see Fig. 1), to Tris-treated 
PS II particles resulted in a total binding of 7 
Mn/400 Chi. The amount of Mn bound increased 
to 13 Mn/400 Chl when 1 yM MnCl, was added. 
The unrealistically large number of Mn(II) bind- 
ing indicates the presence of other, non-specific 
Mn) binding on PS II particles [30]. 

In order to examine the mechanism of Mn(II) 
binding, we used steady-state kinetics to study the 
type of inhibition by Mn(II). The results are shown 


units] 


ACTIVITY (rel. 


0 10 20 30 40 
LIGHT INTENSITY (W/m?) 


Fig. 2 Light-intensity dependence of the electron-transport 
activity (DPC > DCIP) of Mn(II) inhibited and uninhibited 
Tris-treated PS II particles. Activity assays were carried out in 
the presence (a) or absence (@) of 0 5 yM MnCl,, as described 
in Fig, 1. 


in Fig. 3. Fig. 3A is a Lineweaver—Burk plot 
which shows a competitive interaction between 
DPC and Mn(II). The Michaelis constant K for 
DPC in the absence of Mn(ID) is about 150 pM, as 
estimated by the intersection of the no-Mn line 
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Fig. 3 (a) Lineweaver—Burk plot of Mn(I1)-induced inhibition 


of the electron-transport activity from DPC to DCIP of Tris- 
treated PS II particles. @, No MnCl; a, 0.1 M MnCl.; x, 
02 pM MnCl; m, 0.3 pM MnCl, v, 0.5 pM MnCl. (b) 
Replot of the slope obtained from (a) vs. Mn(II) concentration. 
Assays were carried out as described in Materials and Meth- 
ods. Assay medium contained 5 pg Chl/mg Tris-treated PS II 
particles, 15 mM Mes-NaOH (pH 6.1), 33 M DCIP and 
various amounts of DPC and MnCl. 


with the negative X-axis. The slope replot shown 
in Fig. 3B gives the dissociation constnat K, of 
0.15 pM for MndD. A straight line in Fig. 3B 
indicates that the competition between Mn(II) and 
DPC is linear, i.e., they compete for the same 
binding site [31]. 

The nature of Mn(II) binding was studied fur- 
ther by investigating the salt effect on the binding 
of Mn(11). We found that the inhibition declined 
with increasing concentration of NaCl. The 
weakening of the Mn(II) binding by NaCl was 
indicated by the increase of the K, values for 
Mn(Il) along with NaCl concentration as pre- 
sented in Table II. We therefore conclude that the 
interaction between Mn(II) and its specific bind- 
ing site is electrostatic in nature. However, the 
competitive relationship between Mn(I]) and DPC 
(data not shown) as well as the K,, for DPC were 
not affected by NaCl (Table II) suggesting that 
DPC, although competing with Mn(iI) for the 
same binding site, does not bind electrostatically. 
This is consistent with the non-polar nature of 
DPC, 

Since it has been shown that C17 is a special 
cofactor for the O,-evolving complex and its func- 
tion can be partially substituted by several anions 
like Br~, NO7 and inhibited by F~ [26], we also 
investigated the effects of various salts on the 
binding of Mn(II). As shown in Fig. 4, with the 
ionic strength kept at 50 mM, LiCl and KCl show 
the same inhibitory effect as NaCl, indicating that 
the effect is due to the Cl~ anion. Other sodium 
salts tested had various effects on preventing the 
binding of Mn(II). The order of effectiveness is 
F~ > SO?” > CH,COO™ > Cl" > Br > NO; . The 
K, values for Mn(iJ) in the presence of the two 
most effective anions, F~ and SO?-, as well as 


TABLE II 
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Z ACTIVITY 
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Fig 4. The effect of various salts on Mn(II)-induced inhibition 
of the electron-transport activity from DPC to DCIP of Tris- 
treated PS II particles. The ionic strength of added salts were 
kept at 50 mM. @, 50 mM NaNO,; a, 50 mM NaBr; m, 50 mM 
NaCl or LiCl or KCl; x, 50 mM CH,COONa; v, 17 mM 
Na,SO,; @, 50 mM NaF Assays were performed as described 
in Fig, 1. Mn(ID was added as MnSO,. 


their corresponding K,, for DPC, are given in 
Table II. It was found that the competitive rela- 
tionship between DPC and Mn(II) still remains 
(data not shown), but the K, values increase 
significantly. The results indicate that, in addition 
to the ionic strength, the species of anions is also 
an important factor in determining the affinity for 
Mn (II) binding. 

The pH effect on the Mn(ID) binding was also 
studied. We found that, at pH 7.7, Mn(II) became 
a noncompetitive inhibitor to DPC electron dona- 
tion (data not shown). Furthermore, the K, value 
for Mn(iI) (0.55 u) was about 2.5-fold larger than 
the corresponding value obtained at pH 6.1, sug- 
gesting that high pH, besides altering the manner 
of inhibition, also weakens the binding of Mn(II). 


THE EFFECT OF VARIOUS SALTS ON K; VALUES FOR Mn(iII) AND K,, VALUES FOR DPC DERIVED FROM 


STEADY-STATE KINETIC EXPERIMENTS 


K ms the Michaelis constants for DPC, and Ky, the dissociation constants for Mn(I]), were obtained by using the plotting procedure 


as described in Fig. 3. 


Salt 0 mM 10 mM 

concentration NaCl NaCl NaCl 
K; for Mn (pM) 0.15 021 

Km for DPC (M) 149 152 163 


50 mM 


100 mM 50 mM 17 mM 
NaCl NaF Na,SO, 
0.76 4.50 1 36 


169 110 118 
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Discussion 


The high-affinity binding site for Mn(II) we 
observed on the oxidizing side of PS II is very 
likely to be the binding site for the endogenous 
Mn in the O,-evolving complex for the following 
four reasons. 

(1) The binding site is very specific for Mn(II) 
and the affinity for Mn(II) is high (0.15 uM) at 
low salt concentration. 

(2) Mn(II) at the binding site acts as a competi- 
tive inhibitor to DPC electron donation in Tris- 
treated PS II particles which have been depleted 
of the endogenous Mn. The competitive relation- 
ship can explain the interrupting effect of the 
endogenous Mn on DPC electron donation to PS 
II (see Table I), if we assume that the binding of 
Mn(I]I) is at the site for the endogenous Mn. 

(3) The binding of Mn(II), although electro- 
static, is highly dependent on the species of anions 
in the medium. At the same ionic strength, F7, 
SO? and CH,COO~ are very effective in pre- 
venting the binding of Mn(II). In contrast, NO, , 
Br” and CI” are able to stabilize the Mn(II) 
binding as compared to F~, SO;~ and CH,COO -. 
Qualitatively, these are similar to the findings in 
the studies of anion requirement for reactivation 
of the O, evolution in Cl~-depleted PS II, where 
Br” and NO; can partially substitute for Cl’; 
SO? and CH,COO™ have no effect; and F~ is a 
strong inhibitor. Fig. 5 shows the percentage of 
inhibition by 1.5 uM Mn(ID of the electron-trans- 
port acativity of Tris-treated PS II particles with 
the presence of various anions vs. the ion volume. 
It resembles the plot of reactivation of O, evolu- 
tion by various anions in Cl~-depleted thylakoids 
vs. the anion volume (Fig. 9, Ref. 19), except that 
the optimal volume is shifted from 0.25 nm’ to 
0.32 nm’. Since the percentage of inhibition by 
Mn(ITI) in Fig. 5 is a function of the binding 
affinity for Mn(II), the similar effects of various 
anions on O, evolution and Mn(II) binding sug- 
gest that the Mn(II) binding site is likely to be the 
same for the endogenous Mn in the O,-evolving 
complex. As for the shift of the optimal volume, it 
is probably due to the fact that chloroplasts were 
used in Ref. 19, whereas here PS II particles were 
studied. 

(4) When the pH was shifted from 6.1 to 7.7, 


INHIBITION 
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Fig 5. The percentages of inhibition by 1 5 yM Mn(10 of the 
electron-transport activity (DPC — DCIP) of Tris-treated PS II 
particles with the presence of various anions vs. the ion volume 
Data of percentage mhibition were taken from Fig. 4 The 
anion volumes were calculated for a spherical ion from the 
Pauling radius. 


we found that the affinity for Mn(I]) was lowered. 
This is in accordance with the finding that wash- 
ing PS II particles at high pH results in removal of 
Mn from the O,-evolving complex, indicating that 
the binding of endogenous Mn is destabilized at 
high pH. In addition, if Cl~ plays a role in 
stabilizing the binding of Mn(iI), then the lower- 
ing in Mn(II) affinity at high pH may be attri- 
buted to the removal of C17, which is consistent 
with the finding that OH” reversibly inhibits O, 
evolution competitively with Cl~ [19,23]. How- 
ever, the competitive relationship between Mn(II) 
and DPC disappears upon raising the pH, indicat- 
ing that high pH not only alters the affinity for 
Mn(II) but also changes the manner of inter- 
acation between Mn(II), DPC and PS II. The 
mechanism behind it is not yet clear. 

If we identify the Mn(II)-binding site with the 
one for the endogenous Mn in the O,-evolving 
complex, then the results of this report. have two 
implications. The first is that the binding site for 
endogenous Mn is not located on any of the 
extrinsic proteins removable by Tris treatment, 
but on the intrinsic component(s) of PS II. This is 
inconsistent with the suggestion that the extrinsic 


- 33 kDa protein is the Mn-binding protein [14,15]. 


‘The second is that the requirement of CI” in O, 
evolution probably involves a stabilizing effect of 
Cl~ on Mn binding. A similar conclusion was 


drawn from the observations that when PS II 
particles are washed with urea/NaCl or CaCl,, 
the three extrinsic proteins but only a small por- 
tion of Mn are released [12,17]. Omission of NaC] 
during urea wash or incubating CaCl,-washed PS 
II in low salt medium (10 mM NaCl) leads to the 
release of 2 Mn/PS II suggesting that Cl~ plays a 
role in stabilizing the binding of endogenous Mn. 

The endogenous Mn bind very tightly to PS II 
centers with affinity greater than that to EDTA 
(K, for Mn-EDTA is 104); they are classified as 
strongly and very strongly bound in the three 
pools of Mn associated with thylakoid membranes 
(see Introduction). Removal of the three extrinsic 
proteins (by CaCl, washing) lowers the affinity for 
(or increases the accessibility to) 50% of the Mn to 
a level that allows its extraction by EDTA (see 
Table I). This probably corresponds to the strongly 
bound Mn. The remaining 50% of the Mn in our 
PS II particles can be extracted by Tris washing. 
For the moment, we do not know whether the 
Mn(II) binding we observed belongs to the pool of 
strongly or very strongly bound. 

Recently, Tamura and Cheniae [32] also dem- 
onstrated the ligation of Mn(II) into the O,-evolv- 
ing complex of PS II particles which have been 
depleted of their endogenous Mn and the three 
extrinsic proteins. The process, shown by reactiva- 
tion of O, evolution, required light and Ca(II). 
Our observation on the binding of Mn(II) showed 
at least two differences from theirs: the first, no 
Ca(II) was needed and the second, the Mn(II) 
concentration required to achieve half-maximal 
effect was much lower (0.5 pM vs. 0.25 mM). The 
differences may be attributed to the different ways 
in inactivating the PS II particles (Tris treatment 
vs. CaCl, washing plus DCIPH.) and/or in mea- 
suring the Mn(II) binding (inhibition on DPC to 
DCIP vs. reactivation of O, evolution). 

Klimov et al. [33] also showed that their Tris- 
washed PS II preparations can be reactivated by 
adding MnCl,, but at a very low concentration 
(0.1—0.2 uM in the absence of Mg?* and 0.05-0.1 
uM in the presence of Mg?* or other divalent 
cation of metals). We could not observe any re- 
activation on our Tris-treated PS II particles. Nev- 
ertheless, the K, for Mn(II) we found at low salt 
concentration agrees with their value in the ab- 
sence of Mg?*. 
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crosslinking: an approach to assess rotational catalysis 
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Reaction of the multisubunit F, ATPase from Escherichia coli (EF,) with a bifunctional cleavable 
crosslinker, 3,3’-dithiobis(succinimidylpropionate) (DSP), has been used to explore the possibility that 
during catalysis a rotational movement of catalytic subunits relative to noncatalytic subunits occurs. The 
premise is that such rotational catalysis is tenable if intersubunit crosslinking of a major subunit with one of 
the minor subunits inhibits the enzyme activity and if upon cleavage of the crosslinks, the enzyme regains 
activity. The results presented in this paper show that crosslinking of about 5—6 reactive groups on EF, with 
DSP is accompanied by a loss of 2/3 of the enzyme activity. Both intra- and intersubunit crosslinks are 
formed. The most prominent intersubunit crosslinks are those of y and 5 subunits with the a subunit. 
Nearly complete recovery of activity can be attained by cleaving the disulfide bond in the crosslinker with 
dithiothreitol. Because the chemical modification of enzyme groups remains after the crosslinker is cleaved, 
the loss in activity before cleavage can be ascribed to conformational restraints. The results show that 
catalysis by the EF, ATPase is highly sensitive to the restrictions of crosslinking, and are consistent with the 
view that catalysis is accompanied by appreciable movements of the major subunits with respect to the minor 
subunits, as suggested for rotational catalysis. 


Introduction 


The F, ATPases from bacteria, chloroplasts 
and mitochondria consist of five subunits with a 
stoichiometry of a,B,y5e, with the catalytic site 
likely residing on the B subunit (see for reviews, 
Refs. 1 and 2). The binding change mechanism for 


Abbreviations: F,, coupling factor one ATPase; EF, ATPase, 
F, ATPase from Escherichia col; Mops, 4-morpholmepro- 
panesulfonic acid; DSP, 3,3’-dithiobis(succinimidylpropionate); 
SDS, sodium dodecyl sulfate; DMSO, dimethylsulfoxide; P., 
inorganic phosphate; DTT, dithiothreitol. 


Correspondence: Dr Paul D. Boyer, Department of Chemistry 
and Biochemistry, University of Califorma, Los Angeles, CA 
$0024, U S.A. 


ATP synthesis [3] has been proposed to involve 
sequential participation of the catalytic sites. All 
three B subunits are regarded as being function- 
ally equivalent but as being in three different 
conformations at any one time. Recent papers 
from several laboratories [4—6] add to the evidence 
for structural asymmetry of the B subunits of the 
enzyme under conditions when it is not turning 
over. 

Prominent interactions occur between the y 
subunit and the a and B subunits as shown by the 
requirement of all three subunits for catalysis (see 
review, Ref. 7), and the demonstrations that mod- 
ifications of -SH groups on the y subunit of CF, 
ATPase markedly affect catalysis [8]. Measure- 
ments in this laboratory of the species of [O]P. 


0005-2728 /87/$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division) 


98 


formed from O-labeled ATP during ATP hy- 
drolysis [9], or of [8 OJATP formed from [!8O]P, 
during ATP synthesis [10] demonstrate that every 
participating catalytic site is performing catalysis 
in a closely similar or identical manner. The se- 
quence data for the F, ATPases [11] show lack of 
any tripartite symmetry of the y subunit. Thus, 
certain groups or regions on the y subunit must 
interact with the B subunit, either directly or 
through the a subunit, to influence the catalytic 
behavior of the B subunits. For the three B sub- 
units to pass through equivalent states during 
catalysis, the B subunits would need to sequen- 
tially change their positions in the enzyme com- 
plex in relation to the y subunit. 

Such considerations led to the suggestion in 
1981 [12,13] of a “rotational catalysis” for the 
ATP synthase and F, ATPases involving a rota- 
tional change in the position of the B subunits 
relative to a core of the minor subunits. Subse- 
quently, based on structural considerations, Cox 
et al. advanced a similar proposal [14], Oosawa 
and Hayashi have proposed a mechanism for a 
rotational model [15], and Mitchell has suggested 
a model in which « and B subunits spin in place 
[16]. The Boyer and the Cox proposals explain 
how the B subunits can maintain interactions with 
minor subunits, yet pass through identical confor- 
mations during catalysis. 

Experimental approaches that have the poten- 
tial for proving whether or not rotational catalysis 
occurs are difficult to formulate. The approach 
used for the present paper had the possibility of 
proving that rotational catalysis very likely did not 
occur or of adding to the findings consistent with 
such catalysis. The latter result was obtained. 

If rotational catalysis occurs, a chemical cross- 
link between the B and y subunits would be 
expected to stop catalysis. If catalysis continued 
with such a crosslink, rotational catalysis would be 
untenable. If the lost activity is regained when the 
crosslink is cleaved, then spatial restrictions and 
not chemical modification of groups could be 
regarded as the reason for loss of catalytic capac- 
ity. Such behavior would provide evidence con- 
sistent with rotational catalysis. Although a con- 
siderable number of crosslinking experiments have 
been performed with F, ATPases [17-23], and loss 
of catalytic activity has resulted [19,20,23], the use 


of cleavable crosslinkers in an approach that would 
test rotational catalysis has not to our knowledge 
been undertaken. 

The studies reported here made use of a cleava- 
ble crosslinker, DSP. The inhibition of over 50% 
of the catalytic activity of EF, ATPase was found 
to be nearly completely reversible by cleavage of 
the crosslinker. The activity loss thus resulted 
from intersubunit and intrasubunit crosslinking 
and not from extensive derivatization of reactive 
groups, likely -NH, groups. 


Experimental procedures 


Materials 

ATP, NADH, pyruvate kinase, lactate dehydro- 
genase, s-amino caproic acid, p-aminobenzami- 
dine, and dithiothreitol were supplied by the Sigma 
Chemical Co. Sepharose CL-6B and DEAE-Seph- 
arose CL-6B were obtained from Pharmacia Fine 
Chemicals. DSP was a product of Pierce Chemical 
Co. E. coli strain AN 1460 was obtained from Dr. 
A.E. Senior of the University of Rochester. 


Methods 

Purification of EF, ATPase. E. coli strain AN 
1460 was grown to mid-exponential phase and the 
cells were stored at — 80°C. 

The membrane preparation and enzyme purifi- 
cation were essentially carried out by the method 
of Senior et al. [24], except for minor changes in 
the F, purification procedure. The eluate from 
DEAE-Sepharose CL-6B was precipitated with 
65% saturated ammonium sulfate. The precipitate 
was dissolved in 50 mM Tris buffer (pH 7.4), 
containing 10% (v/v) glycerol/2 mM EDTA/1 
mM ATP/1 mM DTT/40 mM e-amino caproic 
acid. The solution was then applied to a column of 
Sepharose CL-6B (2.5 cm x90 cm), the eluted 
fractions containing highest specific activity were 
pooled, and the enzyme was stored as an am- 
monium sulfate suspension at 4°C. 

ATPase assay. The enzyme activity was moni- 
tored by a coupling assay [25] after incubation in 
dilute solution. The specific activity of EF, in- 
creases as concentration is lowered as a result of 
dissociation of the e subunit from the complex 
[26,27]. The enzyme was assayed at a concentra- 


tion of around 0.1 pg/ml after preincubation at 
30°C for 20 min in a mixture consisting of 30 mM 
Tris-acetate (pH 7.6)/30 mM potassium acetate/3 
mM ATP/40 pug per ml pyruvate kinase/20 wg 
per ml lactate dehydrogenase/0.2 mM NADH. 
The reaction was initiated by adding an aliquot of 
M¢-acetate (final concentration, 5 mM) and activ- 
ity was measured by determining the decrease in 
the absorbance of NADH at 340 nm. The specific 
activity of the enzyme was expressed as pmol 
product formed / min per mg protein. Protein was 
determined by the method of Lowry et al. [28], 
using bovine serum albumin as standard. 

Crosslinking with DSP. Two procedures were 
used for crosslinking the enzyme. In one, an aliquot 
of the ammonium sulfate suspension was pelleted, 
dissolved in 100 mM Mops-Tris buffer (pH 7.0) 
and passed through a centrifuge-Sephadex column 
[29] equilibrated with the same buffer. The desalted 
enzyme was crosslinked in a mixture containing 
100 mM Mops-Tris (pH 7.0)/20 mM ATP. An 
aliquot of DSP (20-40 mM stock in dimethyl 
sulfoxide) was added such that the final DMSO 
concentration was less than 10% (v/v). The reac- 
tion was allowed to proceed for 5 min at room 
temperature (22—25°C) or as indicated in various 
experiments and then passed through a 
centrifuge-Sephadex column. The eluate was used 
for the assay of ATPase activity and electrophore- 
Sis. 

Alternatively, an aliquot of the ammonium 
sulfate suspension was pelleted, dissolved in 50 
mM phosphate buffer (pH 7.0) and passed through 
a centrifuge-Sephadex column equilibrated with 
the same buffer. The crosslinking reaction was 
carried out in a reaction mixture containing 50 
mM phosphate buffer (pH 7.0) and 20 mM ATP 
at 10°C, as described in the preceding paragraph. 

The control enzyme was similarly treated with 
only DMSO and processed as described for ex- 
perimental samples. 

Cleavage of crosslinks with DTT. The cross- 
linked enzyme was incubated with 33 mM DTT 
and 33 mM ATP at 37°C for 30 min and then 
assayed for enzyme activity. Because of the high 
dilution for assay, the concentration of ATP and 
other constituents during assay were essentially 
those of the assay mix. The control (uncross- 
linked) enzyme was treated in the same manner. 
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Gel electrophoresis. One-dimensional SDS-poly- 
acrylamide gel electrophoresis was carried out with 
either a 12% or 15% uniform or 3-22% gradient 
gel by the method of Laemmli [30]. A stacking gel 
(5%) was used with the uniform polyacrylamide 
gels. The stacking gel was omitted for the gradient 
gel and a comb was inserted immediately after 
pouring gradients, and the gel was allowed to 
polymerize. The crosslinked samples were pre- 
pared in a sodium dodecyl sulfate sample buffer 
lacking 2-mercaptoethanol. 30-50 pg protein was 
applied to the wells and electrophoresis was car- 
ried out at 50 mA per slab for 3 h. The gel was 
stained with Coomassie Blue R overnight. 

For the second dimension, the gel strip (1 cm 
wide) was cut out from the one-dimensional gel 
and placed horizontally over a 5% stacking gel of 
a 0.75 mm thick 15% acrylamide gel. The strip was 
surrounded by 1% agarose in 125 mM Tris-HCl 
buffer (pH 8.5) containing 0.1% (w/v) sodium 
dodecyl sulfate and 2% (v/v) 2-mercaptoethanol, 
and run at a current of 50 mA per slab. 

Quantitation of subunits in the control and cross- 
linked enzyme. The relative amounts of different 
subunits were estimated by excising the bands 
corresponding to a, B, y, 6 and e subunits, ex- 
tracting the dye in 1 ml DMSO (100%) for over 12 
h at room temperature and determining the ab- 
sorbance in DMSO of the extract at 595 nm. The 
same procedure was used for quantitating the 
subunits in the second dimension gel, obtained 
after DTT cleavage. 

To test the dye extraction method, various 
amounts of EF, were put through the separation 
and extraction procedure. The absorbance was 
found to increase linearly for individual subunits 
over a range of 6-50 wg of applied EF,. All the 
extractions were carried out with duplicate sam- 
ples. 


Results 


Time-course and buffer dependency of the reaction 
with DSP 

The time-course of the reaction in 100 mM 
Mops-Tris buffer or 50 mM phosphate buffer at 
pH 7.0 is shown in Fig. 1. The results show that 
the reaction reached completion in about 5 min 
when carried out in Mops-Tris buffer at room 


e Mops-Tris buffer, 
Oo Room temp 
oo 


Phosphate buffer, 10° 





QO 5 10 15 20 25 30 
Time, minutes 


Fig. 1 Time-course for inactivation of EF, ATPase with DSP. 
O ©, inactivation in Mops-Tns buffer To EF, ATPase 
(1.54 mg/ml) in 100 pI of à reaction mixture at room tempera- 
ture containing 100 mM Mops-Tris buffer (pH 7.0) and 20 mM 
ATP was added 2 ul of DSP in DMSO (DSP concentration, 
0.5 mM final). The reaction mixture was vortexed immediately 
and incubated at room temperature (22—25°C). © @, 
inactivation in phosphate buffer. EF, ATPase (1 01 mg/ml) in 
100 pl of a reaction mixture at 10°C contaimng 50 mM 
phosphate buffer (pH 70) and 20 mM ATP was treated with 
DSP as indicated for the reaction with Mops-Tns buffer, 
except incubation was at 10°C. Aliquots were drawn at times 
indicated in the figure and assayed as described in Experimen- 
tal procedures. 








temperature. A slower reaction occurred in phos- 
phate buffer at 10°C, however, the extent of in- 
activation was greater than in Mops-Tris buffer, 
suggesting that the DSP reacts with Tris, thereby 
reducing its effective concentration in the reaction 
mixture. More variability was encountered when 
Tris buffer was used. This could also be a reflec- 
tion of a reaction of the reagent with the Tris 
buffer, if, for example, there are rapid competing 
reactions as the reagent added in DMSO is being 
diluted. 


Effect of DSP concentration on activity loss 

Fig. 2 shows the effect of a 5 min exposure to 
varying concentration of DSP on the activity of 
the enzyme. The crosslinking in these experiments 
was carried out in PO, buffer at 10°C. The activ- 
ity loss approximated a first-order reaction course. 


Reversible loss of enzyme activity by reaction with 
DSP 
When the EF, ATPase was treated with DSP, 
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Fig. 2. Effect of DSP concentration on EF, ATPase activity 
To EF, ATPase (0.62 mg/ml) ın 100 pl of a reaction mixture 
containing 50 mM phosphate buffer and 20 mM ATP at pH 
7.0, was added 5 u] of DSP ın DMSO (final concentration of 
DSP as indicated) The mixture was vortexed immediately and 
incubated at 10°C for 5 min. The reaction mixture was then 
passed through a centrifuge-Sephadex column and the eluate 
was used to assay enzyme activity as described ın Experimental 
procedures. 


subunit crosslinking similar to that reported by 
Bragg and Hou [20] was observed, but with less 
extensive crosslinking as anticipated by our use of 
lower DSP concentrations. 

Table I shows representative experiments show- 
ing loss of activity due to enzyme modification by 
DSP in 100 mM Mops-Tris buffer. The results 


TABLE I 


EFFECT OF CROSSLINKING AND CLEAVAGE OF 
CROSSLINKS ON THE ACTIVITY OF EF, ATPase 


EF, ATPase (1.1-4 6 mg/ml) was modified with the indicated 
concentrations of DSP, in a reaction mixture containing 100 
mM Mops-Tris and 20 mM ATP at pH 7.0 for 5 min at room 
temperature. The reaction was stopped by passing the mixture 
through a centrifuge-Sephadex column. The eluate was used 
for ATPase assay. The crosslinks were cleaved with dithioth- 
reitol (DTT) in the presence of ATP at 37°C as described ın 
the Experimental procedures section The results are means + 
standard deviation of four experiments. Each assay was carned 
out in duplicate 


Concentration Activity Activity after 
of DSP DTT treatment 
(mM) (%) (%) 

0 100 100+ 5 

2 29+12 85+ 4 

3 33 29+ 3 70412 


indicate that as much as 70% activity was lost at a 
DSP concentration of 3.33 mM. A major portion 
of the lost activity could be recovered on cleaving 
the crosslinks with dithiothreitol in the presence of 
ATP. Other experiments showed that the presence 
of ATP in the modification mixture was essential 
for reversible inactivation. When modification was 
carried out in the absence of ATP, very little 
activity was regained after dithiothreitol cleavage 
of the crosslinks (data not shown). Also, the pres- 
ence of ATP was required for optimal regain of 
activity upon cleavage of crosslinks with dithioth- 
reitol. 


Correlation of subunit crosslinking with enzyme in- 
activation 
To find whether activity loss might be attri- 





0.24 052 
Control mM mM 
DSP DSP 
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linked p-a 
Subunits 
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Fig. 3. Gel electrophoresis patterns after crosslinking. EF, 
ATPase (1.9 mg/ml) in a 100 ul volume was incubated with 
0.24 or 0.52 mM DSP in 100 mM Mops-Tris buffer, containing 
20 mM ATP at pH 7.0, and at room temperature for 5 min as 
described in Experimental procedures. The enzyme retained 
69% and 29% activity., respectively, and regained 100% and 
87% activity after dithiothreitol-cleavage. 42 ug (control), 38 
ug (modified with 0.24 mM DSP) and 31 pg (modified with 
0.52 mM DSP) of protein were applied as indicated to a 12% 
SDS-polyacrylamide gel, with 5% stacking gel, and electro- 
phoresed at 50 mA for 3 h before staining. 
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buted to any particular intersubunit crosslinks, the 
subunits crosslinked were identified by gel electro- 
phoresis. Intersubunit crosslinking was evident 
after DSP reaction as shown by the appearance of 
higher molecular-weight species (Fig. 3). The 
higher molecular-weight crosslinks were not at- 
tributable to intermolecular crosslinking because 
their appearance was independent of enzyme con- 
centration. Also, the electrophoresis of the cross- 
linked enzyme on a nondissociating gel (no SDS) 
revealed the absence of intermolecular crosslink- 
ing. In this gel, the undissociated enzyme migrated 
as a single major band. 

Experimental results of crosslinking in Tris 
buffer are presented in Table II. The amount of 
noncrosslinked subunit remaining after reaction 
with DSP is expressed as the % of the total origi- 
nal amount of subunit present. The data show that 
the extent of crosslinking of y and ò subunit was 
about equal to the loss of activity, while the extent 
of crosslinking of the a and B subunits was much 
less than the activity loss. The y and 6 subunits 
that were crosslinked were present in bands corre- 
sponding to greater apparent M, than under- 
ivatized a and B subunits showing that they were 
crosslinked to the larger subunits. 

In one of these experiments the amounts of all 
the five subunits remaining uncrosslinked were 
compared with native enzyme. The results are 
presented in part B of Table II. They show that 
crosslinking of 33% of the a subunit or 11% of the 
B subunit is accompanied by 71% loss of activity. 
The preferential crosslinking of the a subunit 
suggests that the principal crosslinks of the y and 
ô subunits were to the a subunit. y—8 subunit 
crosslinks were not observed. Actiivty loss was 
somewhat greater than the crosslinking of the y or 
5 subunits to the larger subunits. There was little 
crosslinking of the £ subunit with any other sub- 
unit. 

Experimental results of subunit crosslinking in 
phosphate buffer are presented in Table III. The 
loss of activity and extent of crosslinking were 
more pronounced relative to the reaction in 
Mops-Tris buffer. Crosslinking was 61%, 28%, 65%, 
69%, 32% for a, B, y, 6 and e subunits, respec- 
tively, when modification was carried out for 15 
min (Table IIIA). Electrophoresis of the cross- 
linked species in a second dimension after di- 
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TABLE H 
EFFECT OF DSP TREATMENT ON THE EXTENT OF INTERSUBUNIT CROSSLINKING AND EF, ATPase ACTIVITY 


EF, ATPase (1.9-2.9 mg/ml) was modified with the indicated concentration of DSP. The reaction mixture containing 100 mM 
Mops-Tris/20 mM ATP at pH 7.0 and EF, ATPase was added to an aliquot (5 uI) of DSP in dimethylsulfoxide and vortexed 
immediately. Incubation was carried out for 5 min at room temperature. The control enzyme designated as unmodified was similarly 
treated with an aliquot of dimethylsulfoxide. The reaction was stopped by passing the mixture through a centrifuge-Sephadex 
column. The eluate was used for enzyme assay and electrophoresis. Electrophoresis and quantitation of individual subunits were 
carried out as described in the Experimental procedures section. The results are the mean of three experiments. All the 
determinations and assays for each experiment were carried out in duplicate. The results in part B of the table represent a typical 
experiment, where amounts of all the five subunits were determined. DTT, dithiothreitol. 


rn LEHRER AAAA AAAA hhee erat aa AAAA AA A aana a aAA di rarer SIFU EAA dar sana 














HA 
Concentration Activity Activity after Subunits not crosslinked 
of DSP DTT treatment (%) 
Vk aw g Pe ONT AW A Ra 
(mM) (%) (%) a+ y 8 
0) 100 Lig Jef 100 100 100 
0,24 73.54 7.2 lid+ 2.0 8443 60+5 6948 
0.52 33.6+4.5 91 +12.0 7147 3448 4l +3 
ILB 
Enzyme Activity Activity after Subunits not crosslinked 
DTT treatment (%) 

(%) (%) s B yy 8 e. 
Unmodified 100 120 100 100 100 100 100 
Modified 


29 16 67 89 44 44 96 





thiothreitol-cleavage showed that aß, aa, ay, aĝ 
and B, crosslinks were formed. 


Occurrence of intersubunit crosslinks 

The first dimension electrophoresis and de- 
termination of uncrosslinked subunits by dye ex- 
traction revealed that a larger fraction of the « 
subunit than of the B subunit was crosslinked. To 
ascertain which subunits were crosslinked, the first 
dimension gel strip was run in a second dimension 
after DTT-cleavage. The bands corresponding to 
a, B, y, 8 and e subunits in the uncrosslinked, as 
well as crosslinked species, were determined. The 
results are expressed as the percent of unmodified 
(native) enzyme subunits (Table IIB). In the sec- 
ond dimension, the uncrosslinked subunits move 
along a diagonal path, while the subunits arising 
from cleavage of the crosslinked species move 
away from this diagonal. About equal amounts of 
native and modified enzyme preparations were 
applied to the gel whenever a comparison of the 
relative abundance of subunits was made. The 


results presented in part B of Table HI confirm 
that the individual subunits indicated as lost in 
part A appear in the crosslinked species. The 
extent of crosslinking reported in part B agrees 
reasonably well with that presented in part A. A 
greater proportion of a subunits than of the B 
subunits was observed in the crosslinked species, 

Although as much as 20-30% reduction in the 
amount of uncrosslinked e subunit was observed 
in some experiments, no € subunit was found in 
the cleavage products of the crosslinked species of 
mass greater than 55-60 kDa. Some intramolecu- 
lar crosslinks in the e subunit may have caused a 
change in its mobility, without crosslinking it to a 
major subunit, or it was dispersed in crosslinked 
products so that its abundance was too low to 
show up in the second dimension. 

This left open the question whether the inhibi- 
tion of activity upon crosslinking might result 
from binding of the e subunit to the enzyme in a 
manner that retained the inhibitory effect of the 
subunit upon dilution of the enzyme to attain 
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TABLE III 
EFFECT OF DSP TREATMENT ON THE EXTENT OF INTERSUBUNIT CROSSLINKING AND EF, ATPase ACTIVITY 


To EF, ATPase (1.0-1.45 mg/ml) in a 400 u1 volume containing 50 mM phosphate buffer and 20 mM ATP at pH 7.0, was added a 
10 p1 aliquot of DSP in dimethylsulfoxide (final concentration, 0.5 mM) and the reaction mixture vortexed 1mmediately. Incubations 
were at 10°C Aliquots were withdrawn at times indicated and passed through centmfuge-Sephadex columns The eluate was used for 
enzyme assays and electrophoresis. The results are means of three experiments. The determinations for each experiment were carned 
out in duplicate. Part B of the table presents the percentages of the subunits in uncrosshnked and crosslinked fractions of the 
modified preparation. The enzyme modified with DSP for 15 min was run in SDS-polyacrylamide gel electrophoresis This lane was 
then run in the second dimension after dithiothreitol (DTT) cleavage as described in the Expermmental procedures section. The 
amounts of subunits are expressed as percent of unmodified preparation presented in the first row of part A. The results are mean of 


three experiments. 


A. One-dimensional electrophoresis 


Sample Incubation time Activity Activity after 

with DSP DTT-treatment 
\ 

(min) (4) (%) 

1 0 100 106 +6 

2 5 67.5449 94,542.5 

3 10 53.0+1.0 85.5465 

4 15 41.642.5 83.3445 


B Second dimension of electrophoresis for sample 4 


Subunit 
a B 


Subunit measurement 


Recovered from uncross- 
linked portion of gel ° 32+4 58+5 
Recovered from cross- 


linked portion of gel ° 4446 1744 
Total recovered from gel ® 76 75 
Fraction not crosslinked 0.42 077 


Fraction of subunit not crosslinked 


a B Y ô E 
(%) (%) (%) (%) (%) 
100 100 100 100 100 
6943 89+ 6 68 +2 72+10 77411 
6347 88+ 5 54+1 70+ 3 76+ 5 
39+8 72+11 3549 31+ 4 68+ 8 

Y 8 € 

2547 31+14 5147 

4247 33+ 8 - 

67 64 a 

037 0.48 = 


* As % of subunits found in sample 1, part A, with no DSP treatment. 


maximum specific activity. When the noncross- 
linked enzyme was assayed at a concentration of 
1.5 pg/ml, no effect of subunit dissociation was 
apparent and the specific activity was about 1/3 
of that observed when assayed at 0.1 pg/ml (where 
specific activity is maximal [26,27]). When the 
crosslinked enzyme was assayed at a concentra- 
tion of 1.5 pg/ml, the inhibition produced was 
similar to that noted when assayed at 0.1 ng/ml. 
Hence, the inhibition upon crosslinking can be 
attributed to derivatization of other subunits and 
not to lack of e subunit dissociation. 


Extent of derivatization and possible intramolecular 
crosslinks 

To assess the extent of derivatization and of 
possible intramolecular crosslinks in the major a 


and B subunits, samples were analyzed by 2-D gel 
electrophoresis. After cleavage of the -S-S bond 
by thiol, samples were exposed to isoelectric focus- 
ing in one dimension, then separated by SDS- 
polyacrylamide gel electrophoresis in a second 
dimension. Reaction with the DSP would be ex- 
pected to remove a positive charge of an amino 
group, and thus the subunits that have reacted 
with one or more succinimidyl groups of the re- 
agent will be revealed as one or more spots migrat- 
ing separately from the unmodified subunit. After 
reaction with DSP under the conditions required 
to inhibit about 2/3 of the catalytic activity, the a 
subunit no longer migrated primarily as a single 
spot, but now displayed about equal amounts of 
five spots as expected for reaction with up to 5 or 
6 NH, groups for the most derivatized spot. The 
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B subunit showed migration patterns consistent 
with derivatization up to 3 or 4 NH, groups. It 
was estimated that an average of 4—6 groups, 
likely NH,, on the a and B subunits of each 
enzyme had reacted. Reaction of less than one 
group per a or B subunit would suffice to account 
for the extent of intersubunit crosslinking reported 
in Table III. The balance of the reacted groups 
could be singly derivatized with the reagent, the 
other end of the reagent having reacted with water. 
The absence of any appreciable intrasubunit cros- 
slinking is indicated by the migration in SDS- 
polyacrylamide gel electrophoresis of the a and B 
subunits that had not formed intersubunit cross- 
links. Such subunits migrated identically with those 
of unreacted enzyme (Fig. 1). Intrasubunit cross- 
links could readily retard protein unfolding and 
lessen SDS binding, resulting in changes ın migra- 
tion patterns. But the data do not rule out in- 
trasubunit crosslinks. Each intrasubunit crosslink 
requires the reaction of two groups on the subunit, 
and the « subunits could have an average of about 
two and the B subunits an average of about one 
such crosslink. 


Discussion 


The results presented in this paper show the 
following points. (1) Treatment of EF, with DSP 
results in electrophoretically distinguishable inter- 
subunit crosslinks accompanied by loss of cata- 
lytic activity. (2) The loss of activity of the mod- 
ified enzyme results principally from conforma- 
tional restraints of crosslinking and not from 
chemical modification of reactive groups. (3) The 
extent of crosslinking of « or B subunits is less 
than the loss of enzyme activity, but the extent of 
crosslinking of y or 6 subunits is about equivalent 
to or greater than the loss of enzyme activity. 

The crosslinking by DSP likely involves reac- 
tion with lysine amino groups on nearby peptide 
chains. Only a few crosslinks need to be inserted 
to account for the intersubunit crosslinking ob- 
served when about 2/3 of the catalytic activity is 
lost. Such loss of activity is observed when about 
0.7 of the y and 8 subunits are crosslinked to 
major subunits. A reaction of only 2.8 NH, groups 
per mol could give 1.4 crosslinks per mol. An 
additional 5-6 NH, groups appear to be deriva- 


tized in the noncrosslinked « and B subunits, and 
other NH, groups on the y, 6 and e subunits 
could have reacted without crosslinking. The re- 
covery of activity after cleavage of the cross-links 
shows that over 5-6 groups, likely NH,, per mol 
can be derivatized without appreciable loss of 
catalytic activity. This, although of interest, is not 
an unusual finding. What appears unusual is that 
the tying together of only 2~4 of these nonessen- 
tial groups in intersubunit crosslinks could be the 
cause of a pronounced loss in catalytic activity. 
The activity loss could result from additive effects 
of several crosslinks, or, alternatively, specific 
single intersubunit crosslinks might stop catalysis. 

It must be emphasized, however, that the loss 
of catalytic capacity following reaction with DSP 
could also result from intrasubunit crosslinks. The 
isoelectric focusing dimension in 2-dimensional 
gel analysis showed that although intrasubunit 
crosslinks may have been lacking, it does not rule 
out that some intramolecular crosslinks might have 
been present in the inhibited enzyme, mostly in 
the a subunits. If a or B subunits undergo appre- 
ciable conformational changes during catalysis, 
then either intrasubunit or intersubunit crosslinks 
might stop catalytic events. In contrast, for rota- 
tional catalysis, it seems highly likely that inter- 
subunit crosslinks between portions of subunits 
with relative motions in opposite directions would 
block catalysis. 

If the intersubunit crosslinks are responsible 
for the loss in catalytic activity, then the activity 
loss is most readily attributable to the linking of 
the y and ð subunits to major subunits, particu- 
larly the a subunit. Such crosslinks could readily 
inhibit catalysis by preventing essential conforma- 
tional changes. If, in rotational catalysis, the B 
subunits moved around a core that included the « 
subunits, then crosslinking of 1/3 of the B sub- 
units to a, y or 6 subunits would be expected to 
stop activity. In the experiment reported in Table 
IIB, insufficient B subunit was crosslinked to 
account for activity loss on this basis. If the a and 
B subunits moved together, the extent of crosslink- 
ing of the aœ subunit to minor subunits in all 
experiments was sufficient to account for the loss 
of activity. Even if B subunits moved indepen- 
dently of a subunits, both a and B subunits could 
have considerable conformational change- during 


catalysis, and crosslinking of a subunits to single- 
copy subunits could stop ctalysis. 

As mentioned in the Introduction, a finding 
that a crosslink between the y subunit and the B 
subunit specifically inhibited catalysis would sup- 
port the occurrence of a rotational catalysis as 
proposed by Boyer and by Cox. The present re- 
sults are consistent with, but do not provide, a 
critical test of this possibility. We are currently 
attempting to devise a means of attaining specific 
B—y subunit crosslinks as a further test of the 
feasibility of rotational catalysis. , 

The suggestion that the binding change mecha- 
nism proceeds with sequential participation of 
catalytic sites such that the B subunits have the 
same time-averaged conformations is by no means 
proven at this stage. The concept of rotational 
catalysis must be regarded as even more tenuous. 
However, the results presented here do give strong 
evidence that major conformational changes 
accompany catalysis by the F, ATPases, and add 
to the accumulating findings that are consistent 
with and perhaps best explained by rotational 
catalysis. 
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Roger P. Hangarter *, Robert W. Jones **, Donald R. Ort 
and John Whitmarsh 


Department of Plant Biology, USDA Z ARS, Unwersity of Ulinois, Urbana, IL 61801 {U S.A.) 


(Received 21 July 1986) 


Key words: Proton translocation, Electron transport, Cytochrome b/f complex, Photosystem II; Thylakoid vesicle 


We have investigated the stoichiometry of electron transport-driven proton uptake from the external medium 
and proton release into thylakoid vesicles of chloroplasts during single-turnover flash illumination. Proton 
uptake from the external medium was measured using a glass pH-electrode. For each electron originating 
from the oxidation of water by Photosystem II and ultimately forming H,O, via the photoreduction of 
methyl viologen, approx. 2.7 protons were taken up from the external medium. For each electron originating 
from the oxidation of duroquinol by the cytochrome b/f complex and ultimately forming H,O, via methyl 
viologen under conditions in which water oxidation was inhibited by diuron, approx. 1.7 protons were taken 
up from the external medium. It is presumed that for each electron involved in the formation of H,O, that 
one proton is taken up. Therefore, these results indicate that the electron-transfer reaction from H,O to 
Photosystem I involves the uptake of approx. 1.7 protons per electron, and that in the reaction from 
duroquinol to Photosystem I approx. 0.7 protons per electron are taken up. Proton release within the 
thylakoid vesicles was measured spectrophotometrically using the pH-sensitive dye neutral red. Flash-in- 
duced absorbance changes due to neutral red indicated that for each proton released within the thylakoid 
vesicle due to water oxidation approx. 1.9 protons appear inside the vesicle as a result of quinol oxidation. 
The flash-induced formation of ATP was determined by the incorporation of ° P, into ATP. The initiation 
of flash-induced ATP formation by Photosystem II operating alone required nearly twice as many flashes as 
were necessary when the Photosystem I-dependent turnover of the cytochrome b /f complex was responsible 
for proton accumulation, and nearly three times more than when Photosystem II and the cytochrome b/f 
complex operated together. This is taken to indicate that both of the reactions that result in proton 
accumulation within the vesicle contribute energetically to ATP synthesis and contribute in proportion to 
their measured H* /e™ ratio. All of these flash-induced measurements, proton uptake from the external 
medium, proton release inside the vesicle, and the filling of the energetic threshold pool required for the 
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onset of ATP synthesis, demonstrate that for each electron transferred from water through the cytochrome 
b / f complex to Photosystem I nearly three protons are accumulated within the thylakoid membrane. Thus, 
these data indicate that oxidation of quinol by the cytochrome b/f complex is able to support the 
translocation of two protons per electron during flash energization. 


Introduction 


Proton accumulation within chloroplast 
thylakoid vesicles is the result of both proton 
release associated with the oxidation of water by 
Photosystem II and proton translocation associ- 
ated with the oxidation of plastoquinol by the 
cytochrome b/f complex. The translocation of 
protons across the thylakoid membrane includes 
reactions involved in the uptake of protons from 
the external medium in addition to the reactions 
involved in the release of protons into the vesicle. 
It is clear that one of the reactions resulting in the 
uptake of protons from the external medium is the 
reduction and subsequent protonation of plasto- 
quinone by the Photosystem II reaction center 
[1,2]. Patterned after the original proposals of a 
Q-cycle by Mitchell [3] and a b-cycle by Wikström 
[4] numerous models are being considered for the 
oxidation of plastoquinol that involve a proposed 
second reaction for proton uptake from the exter- 
nal medium during intersystem electron transfer 
(reviewed in Refs. 5 and 6). Thus, in addition to 
the proton taken up for each electron involved in 
plastoquinone reduction by Photosystem IT and its 
subsequent release into the vesicle upon plasto- 
quinol oxidation, these models provide for the 
uptake and release of an additional proton for 
each electron transferred through the Cyt b/f 
complex to Photosystem I. In either the Q-cycle or 
b-cycle mechanisms quinol oxidation is envisioned 
to occur near the inner surface of the membrane 
allowing for the release of one proton for each of 
the sequential single electron steps of the oxida- 
tion. The models have in common that one of the 
electrons originating from the quinol is trans- 
ported to Photosystem I via the Rieske FeS center, 
cytochrome f and plastocyanin, whereas the other 
is directed through the b-cytochromes. Although 
the alternative mechanisms differ in how the re- 
duced b-cytochrome leads to quinone reduction 
and the attendant uptake of protons from the 
external medium, they share the salient features 


that two sequential turnovers of a Cyt b/f com- 
plex result in the net oxidation of one quinol, the 
transfer of two electrons to Photosystem I, and the 
translocation of four protons across the mem- 
brane. 

There are numerous lines of experimental evi- 
dence that support the operation, under certain 
conditions, of some form of proton translocation 
coupled to an electron cycling through the Cyt 
b/f complex. Among these is the demonstration of 
a slow electrogenic reaction occurring between the 
photosystems indicating transmembrane charge 
transfer associated with the Cyt b/f complex [7]. 
Electrogenic charge transfer by the Cyt b/f com- 
plex is evident not only from the existence of the 
slow phase of electrochromic band shift, but also 
from the slowing effect of a transmembrane elec- 
tric potential on the turnover of the Cyt b/f 
complex [8,9]. The involvement of Cyt b, redox 
activity in transmembrane electron transfer is in- 
dicated by the kinetic correlation between the 
cytochrome’s redox behavior and the formation of 
at least a significant portion of the slow electro- 
chromic shift [10—12]. One of the most convincing 
tests for the operation of a proton-coupled elec- 
tron cycle within the Cyt b/f complex, measure- 
ments of the number of protons taken up from the 
external media and the number of protons trans- 
located into the thylakoid vesicle during quinol 
oxidation, has yielded equivocal results. This is 
due in part to experimental difficulties in de- 
termining proton-to-electron ratios, and in part to 
the complexity of the plastoquinol-cytochrome b/f 
interaction. While there are several reports of pro- 
ton uptake from the external medium [9,10,14—16], 
and proton release into the thylakoid vesicle [17] 
indicating the operation of modified Q or b-cycle, 
there are other reports that have failed to detect 
any additional proton translocation associated 
with plastoguinol oxidation [18,19]. In the work 
presented here we examine -the crucial issue of 
whether the protons disappearing from the exter- 
nal medium are accumulated within the thylakoid 


108 


vesicle and whether they contribute pro- 
portionately to membrane energization. We show 
that flash-induced proton uptake is indeed greater 
than that predicted for a linear electron-transport 
scheme and, through two independent methods, 
we show that these protons are translocated into 
the thylakoid vesicles. We measured electron- 
transport-driven proton uptake from the external 
medium and, using neutral red, we measured pH 
changes in the internal space of thylakoid vesicles. 
We found that the protons taken up from the 
external medium appeared inside the thylakoids. 
Furthermore, the protons released into the inner 
aqueous phase were shown to contribute to the 
generation of the threshold transmembrane pH 
difference required for the onset of ATP synthesis. 


Materials and Methods 


Isolation of chloroplast thylakoid membranes 

Thylakoid membranes were isolated from com- 
mercial spinach (Spinacia oleracea L.) as de- 
scribed elsewhere [20] with the exception of the 
final resuspension medium. For potentiometric 
and ATP formation measurements the thylakoid 
membranes were resuspended in a medium con- 
taining 100 mM sorbitol/2 mM MgCi,/20 mM 
KCI/5 mM Mes-KOH (pH 6.5)/5 mM Hepes- 
KOH (pH 7.0 and 7.5)/5 mM Tricine-KOH (pH 
8.0 and 8.5). For spectroscopic measurements the 
resuspension medium was the same as described 
above, except that the buffer used was 2 mM 
Hepes-KOH at pH 7.0, 7.5 and 8.0. The chloro- 
phyll concentration was determined using the 
specific absorption coefficients for Chl a and b 
published by Ziegler and Egle [21]. 


Measurement of flash-induced electron transfer 

The amount of electron transfer occurring per 
flash was measured using two different tech- 
niques. One method employed a glass pH-elec- 
trode to measure the irreversible flash-induced pH 
change resulting from proton release during water 
oxidation in the presence of nigericin (3 uM). In 
these experiments the terminal electron acceptor 
was ferricyanide (0.2 mM). In order to measure 
electron transfer through Photosystem II alone 
2,5-dimethylquinone (0.2 mM) was added to 
mediate electron transfer from Photosystem II to 


ferricyanide and DBMIB (0.5 uM) was present to 
prevent electron flow from plastoquinone through 
Photosystem I. The alternate method used a 
Clark-type oxygen electrode to measure, de- 
pending on the electron mediator employed, either 
oxygen uptake or evolution [20]. In order to en- 
sure an oxygen consumption to electron-transfer 
ratio of 2.0 for the duroquinol to methyl viologen 
reaction, excess superoxide dismutase was in- 
cluded to eliminate the oxidation of duroquinol by 
the superoxide radical anion that is produced as 
an intermediate in the aerobic oxidation of photo- 
reduced methyl viologen. For technical reasons 
the oxygen flash yield measurements were made at 
20°C, whereas proton flash yield measurements 
were made at 4°C. However, we demonstrated ın 
an earlier study [20], and confirmed here, that 
flash-induced electron transfer measured at flash 
frequencies below 20 Hz was constant over the 
temperature range from 4 to 20°C. Assuming the 
predicted exponential saturation of the reaction 
centers as a function of increasing flash intensity, 
it was determined from light attenuation experi- 
ments with calibrated neutral density filters that 
the unattenuated xenon flashes (6 us at half peak 
height) were greater than 98% saturating. Reaction 
mixtures and further details are given in the figure 
and table legends. 


Measurement of flash-induced proton uptake from 
the external medium 

The amount of proton uptake was determined 
by measuring the extent of the reversible pH 
change of the reaction medium induced by a series 
of single-turnover flashes. The pH changes were 
measured with a glass pH-electrode and calibrated 
by addition of a standard HCI solution. We were 
able to fit the proton efflux occurring after the 
flash series to a single component exponential 
decay using an iterative nonlinear least-squares 
program [23] to calculate the total extent of pro- 
ton uptake as described previously [9]. The mea- 
surements were done at 4°C. Reaction mixtures 
and further details are given in the figure and 
table legends. 


Measurement of flash-induced proton release into 
the thylakoid vesicle 
The release of protons rapidly equilibrating with 


the internal aqueous space of the thylakoid mem- 
branes, was measured by a modification of the 
procedure developed by Junge and co-workers 
[24-26] using the pH-indicating dye neutral red. 
Light-induced absorbance changes were measured 
using a laboratory-built spectrophotometer. The 
pathlength of the measuring beam was 1 cm. The 
neutral red-dependent response was measured as 
the absorbance change at 545 nm in the presence 
of neutral red minus the absorbance change at 545 
nm in the absence of neutral red. We determined 
that the measuring beam resulted in an average 
reaction center turnover rate of less than once 
every 30 s. The actinic xenon flashes were filtered 
by a red (CS 2-58, Corning Glass Co. *, Roches- 
ter, NY) blocking filter. The photomultiplier tube 
was protected from scattered actinic light by a 
Corning CS 4-96 blocking filter and a Balzers 
Interference Filter (DT-Green). For technical rea- 
sons the absorbance changes due to neutral red 
reported were measured at 17°C. Measurements 
done at 4°C gave similar results. Reaction mix- 
tures and further details are given in the figure 
and table legends. 


Measurement of flash-induced ATP formation 

The ATP synthesis resulting from a series of 
single-turnover flashes was measured as the incor- 
poration of °P, into ATP according to the method 
of Smith et al. [27] as described previously [20]. 
The threshold number of flashes required for the 
onset of ATP synthesis was taken to be the first 
flash resulting in more than 0.2 mmol ATP per 
mol Chl [20]. The measurements were done at 
4°C. Reaction mixtures and further details are 
given in the figure and table legends. 


Results 


Flash-induced proton uptake from the external 
medium 

The ratio of the number of protons taken up 
from the external medium to the number of elec- 


* Mention of a trademark, propnetary product, or vendor 
does not constitute a guarantee or warranty of the product 
by the U.S. Department of Agriculture or the University of 
Illinois and does not imply its approval to the exclusion of 
other products or vendors which may be suitable. 
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trons transferred from water through the Photo- 
system I acceptor Methyl viologen to O, was 2.7 + 
0.3 for single turnover flash excitation (Table I). 
Fig. 1 shows that this H*/e~ value was main- 
tained at turnover rates as high as 60 s~}. 

Fig. 2 shows the dependence of proton uptake 
and electron transfer on the number of saturating 
single turnover flashes absorbed by the sample at 
a flash frequency of 10 Hz. The amount of elec- 
tron transfer per flash was determined from mea- 
surements of the irreversible, uncoupler-insensi- 
tive, proton release associated with water oxida- 
tion and is independent of flash number. How- 
ever, the flash-yield of proton uptake per flash is 
decidedly flash number dependent, so the maxi- 
mum H*/e™~ ratio of 2.6 is observed only during 
the first 20—30 saturating flashes. For example, if 
we calculate the H*/e~ from the slope of the line 
between 50 and 80 flashes the apparent value 
drops to 1.6. While this decline in H* uptake 
most likely reflects an actual change in the H* /e7 
ratio during the later flashes, we believe the actual 
proton uptake is likely to be somewhat greater 


TABLE I 


THE RATIO OF PROTON UPTAKE FROM THE EXTER- 
NAL MEDIUM TO ELECTRON TRANSFER FOR DIF- 
FERENT ELECTRON-TRANSPORT REACTIONS 


Flash-induced proton uptake was measured with a glass elec- 
trode in 4 ml of reaction medium consisting of 100 mM 
sorbitol/2 mM MgCl, /20 mM KC1/0.5 mM Hepes-KOH 
(pH 7.5)/150 units per ml superoxide dismutase /0 5 uM non- 
actin/thylakoid membranes containing 140 nmol chlorophyll 
The concentration of methyl viologen was 100 pM when 
present When duroquinol (0.2 mM) was used as the electron 
donor, DCMU (5 pM) was present to prevent Photosystem II 
turnover When 2,5-dimethylquinone (0.2 mM) was used to 
intercept electrons directly from Photosystem II, DBMIB (0.5 
pM) was present to prevent electron flow beyond plas- 
toquinone, Flash-induced electron transfer through Photosys- 
tem II alone, or from H,O through PS II+ PS I, was measured 
using a glass pH-electrode as described in Materials and Meth- 
ods. Flash-induced electron transfer from duroquinol through 
PS I was measured using a Clark-type oxygen electrode as ' 
described in Matenals and Methods The values given are the 
average + standard deviation 


Electron-transfer reaction H*/e7 

H,O — methyl viologen 2.7+03 
DQH, — methyl viologen 1.740.2 
H,O — DMQ 1.040.3 
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Fig. 1, Ratio of proton uptake from the external medium to 
electrons transferred from H,O to methyl viologen as a func- 
tion of flash frequency Proton uptake and electron transfer 
were measured with a glass pH-electrode as described ın Table 
I. 


than that estimated from the slope of the line from 
50 to 80 flashes shown in Fig. 2. The reason for 
the underestimation of proton uptake arises from 
the fact that the system is beginning to enter a 
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Fig. 2, The dependence of the efficiency of flash-induced 
proton uptake and electron transport on the number of flashes 
at a flash frequency of 10 Hz. Proton uptake (@) was measured 
in a 4 ml reaction mixture consisting of 100 mM sorbitol/2 
mM MgCl, /25 mM KC1/0.5 mM Tricine-KOH (pH 8.1)/100 
pM methyl viologen/0.4 uM valinomycin/thylakoid mem- 
branes containing 175 nmol chlorophyll. Electron transport (a) 
was determined as described ın Table I using a glass pH 
electrode 


steady state, in which the rate of proton uptake is 
equal to the rate of proton efflux so that ad- 
ditional flashes result m no net proton uptake. 
The effects that nonactin- or valinomycin-cata- 
lyzed K* movements are apt to have on the 
membrane surface charge raise the possibility of 
flash-induced proton binding to the external 
surface of the thylakoid membrane (e.g., Ref. 28). 
The observation that the initially high H*/e7 
value observed in the presence of nonactin is 
unaffected by medium pH (Fig. 3) indicates that 
external proton binding is an unlikely possibility, 
as do the measurements of proton release into the 
inner thylakoid space that are presented below. 
Since the aerobic oxidation of photoreduced 
methyl viologen involves the uptake of one proton 
from the external medium per electron to form 
H,O,, the data in Fig. 2 indicate that about 1.6 
protons were taken up from the external medium 
by the thylakoid membrane for each electron 
transferred between the photosystems. Flash- 
induced proton uptake associated with Photosys- 
tem I-dependent oxidation of duroquinol by the 
Cyt b/f complex is consistent with this notion. 
We measured the uptake of 1.7 + 0.2 protons for 
each electron transferred to O, via photoreduced 
methyl viologen (Table I). Since in this reaction, 
as for the one above, one proton is taken up from 
the external medium for each electron reducing 
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Fig 3. Ratio of proton uptake from the external medium to 
electron transferred from H,O to methyl viologen per flash as 
a function of pH. Proton uptake was measured with a glass 
electrode and flashes were given at a frequency of 10 Hz The 
reaction conditions were the same as in Table I, except that the 
buffers used’ were 05'mM Mes-KOH (pH 6.5), Hepes-KOH 
(pH 7.5), and Tncine-KOH (pH 8.0 and 8.5). 


oxygen, about 0.7 protons per electron are taken 
up by the thylakoid. With either water or duro- 
quinol as the electron donor it is presumed that 
for each proton consumed in the external medium 
during H,O, formation one proton is released and 
retained within the thylakoid vesicle. 

Flash-induced proton uptake from the external 
medium dependent solely on Photosystem II can 
be measured when dimethylquinone is present to 
intercept electrons directly from Photosystem II 
and DBMIB is present to prevent any residual 
electron flow through Photosystem I [29]. We ob- 
served 1.0 + 0.3 protons taken up from the exter- 
nal medium for each electron transferred from 
H,O to dimethylquinone to form dimethylquinol 
(Table I). The flash-induced proton uptake was 
entirely reversible after the completion of the flash 
series indicating that, as with H,O, formation 
discussed above, one proton is retained within the 
vesicle for each one consumed externally in di- 
methylquinone reduction. 


Flash-induced proton release into the inner space of 
thylakoid vesicles 

The flash-induced release of protons into the 
internal space of thylakoid vesicles was monitored 
using the pH-indicating dye neutral red. Despite 
the fact that interpreting the neutral red ab- 
sorbance change is complicated and depends on 
several simplifying assumptions, Junge and co- 
workers [24—26] have shown that it can be a useful 
probe of internal proton release under carefully 
selected experimental conditions. In order to iso- 
late the portion. of the neutral-red signal indicative 
of this release of protons into the inner space of 
the thylakoid vesicle, all absorbance changes of 


neutral red due to proton uptake in the external 


medium were eliminated by stabilizing the exter- 
nal pH with membrane-impermeant buffers such 
as Hepes or Tricine. Flash-induced absorbance 
changes due to components other than neutral 
red, for example Cyt f redox changes, were 
accounted for by subtracting the absorbance 
change observed at 545 nm in the absence of 
neutral red fram that measured in its presence. 
The remaining flash-induced absorbance change 
observed at 545 nm ın the presence of neutral red 
was sensitive to buffers that penetrate into the 
thylakoid vesicle and thereby prevent, or substan- 
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tially decrease, flash-induced pH changes. For ex- 
ample the presence of either 4-(2-hydroxyethyl)- 
morpholine (1 mM) or imidazole (10 mM) de- 
creases the absorbance change greater than 90%. 
Furthermore, the neutral red signal was abolished 
by nigericin (0.33 uM), and diminished more than 
85% by FCCP (0.5 uM). High concentrations of 
gramicidin (5 uM) failed to eliminate the neutral 
red signal (in some cases more than 30% of the 
signal remained); it should be noted that 
gramicidin has been reported to be less effective 
than other uncouplers in preventing the uptake of 
basic amines that are used to quantify the trans- 
membrane ApH [30]. 

Recently, De Wolf et al. [28] have shown that 
under certain circumstances neutral red can un- 
dergo flash-induced reduction by Photosystem I, 
resulting in an absorbance decrease. Using Photo- 
system I vesicles and ferredoxin and NADP as the 
terminal electron acceptor De Wolf et al. show 
that neutral-red absorbance changes can be caused 
by the reduction of neutral red as well as by pH 
changes. In our study, using methyl viologen as an 
efficient Photosystem I electron acceptor, we find 
no evidence for a redox indicator function for 
neutral red. We base this conclusion on the follow- 
ing: (1) there is no rapid absorbance decrease 
indicative of neutral-red reduction; (2) the neu- 
tral-red signal is sensitive to the uncouplers 
nigericin and FCCP; and (3) the neutral-red signal 
is abolished by permeant buffers. Additional sup- 
port for this conclusion is provided by the ob- 
servation that the absorbance change due to neu- 
tral red in the electron-transfer reaction from 
duroquinol to methyl viologen (Fig. 4, trace E) is 
inhibited 90% by 1.5 uM DBMIB (data not shown). 
Under these conditions we have shown that at the 
low flash frequency of 0.2 Hz used, Photosystem I 
continues to turn over, even though the rapid 
oxidation of quinol by the Cyt b/f complex is 
inhibited. The sensitivity of a flash-induced neu- 
tral red absorbance change to DBMIB indicates 
that the signal is associated with quinol oxidation 
by the Cyt b/f complex and is not due to the 
Photosystem I reduction of neutral red under our 
experimental conditions. 

The neutral red-dependent absorbance change 
associated with flash-induced water oxidation is 
shown in trace A of Fig. 4. In order to improve 
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the precision of the measurements the results of 64 
flashes given at a frequency of 0.2 Hz were summed 
for signal averaging. Even at this low repetition 
frequency the ApH does not entirely relax be- 
tween successive flashes, and as a result the inter- 
nal pH becomes progressively lower during the 
flash series. This is an important issue, since the 
differential absorption coefficient of the proto- 
nated and unprotonated forms of neutral red is a 
sensitive function of pH. The extent to which the 
internal pH is lowered during the series of 64 
flashes will depend upon the number of protons 
released per electron transferred. In order to 
evaluate the effect that a lower internal pH brought 
on by higher H*/e™~ ratios has on the size of the 
neutral-red absorbance change, we mimicked, with 
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Fig 4. Flash-induced absorbance changes of neutral red mea- 
sured at 545 nm. The traces shown are absorbance changes of 
thylakoids ın the presence of 10 uM neutral red minus the 
absorbance change of thylakoids in the absence of neutral red. 
The 3 ml reaction mixture consisted of 100 mM sorbitol, 20 
mM KCl, 2 mM MgCl,, 2 mM Hepes-KOH (pH 7.5), 05 aM 
nonactin, 100 pM methyl viologen, thylakoid membranes con- 
taining to 90 nmol chlorophyll, and the following additions: 
(A-C) H,0 to dimethylquinone, 500 uM dimethylquinone and 
0.5 M DBMIB; (d) H20 to methyl viologen; and (E) DQH, 
to methyl viologen, 250 uM duroquimol and 10 uM DCMU. 
The flashes are indicated by the arrows. The traces shown are 
the average of 64 flashes given at a frequency of 0.2 Hz. 


Photosystem II turnovers, reactions of higher 
H*/e™ ratios by delivering groups of two (Fig. 4, 
trace B) or three (Fig. 4, trace C) flashes spaced 
100 ms apart at a flash group frequency of 0.2 Hz. 
The results show that there is an increase in the 
average absorbance per flash of about 20% for the 
2- and 3-flash groups compared to the train of 
individual flashes. Thus, in making a quantitative 
comparison to the Photosystem [-dependent ab- 
sorbance change with absorbance change depen- 
dent on Photosystem I turnover it is important 
that this feature of neutral-red behavior be accom- 
modated. Additionally, any such comparison must 
be concerned with the relative abundance of Pho- ` 
tosystem IT centers relative to the Cyt b/f com- 
plex. We have shown previously [22] that the 
number of Photosystem II centers able to oxidize 
water in the presence of dimethylquinone is very 
nearly identical to the number of Photosystem I: 
centers and Cyt b/f complexes (that is, each is 
present at about 1.7 mmol per mol Chl). There are 
numerous indications of Photosystem IJ centers 
that under normal conditions have negligible 
turnover rates [31-34]. While these normally inac- 
tive centers can be induced to oxidize water rapidly 
by the introduction of halogenated benzo- 
quinones, they remain inactive with methyl-sub- 
stituted benzoquinones such as 2,5-dimethylben- 
zoquinone used in these experiments at flash fre- 
quencies greater than 1 Hz [33]. 

A comparison of the number of protons re- 
leased internally during electron transfer from 
H,O to methyl viologen, and from duroquinol to 
methyl viologen is compiled in Table II. The ex- 
tent of the neutral red absorbance increase due to 
a single flash given at 0.2 Hz for the reaction H,O 
to methyl viologen (Fig. 4, trace D) is approxi- 
mately the same as that observed for the group of 
three flashes given to Photosystem II (trace C); 
duroquinol to methyl viologen (trace E) is about 
the same as the two flash group (trace B). Thus, 
these measurements indicate that approx. twice as 
many protons are released internally for each elec- 
tron transferred through the Cyt b/f complex 
than are released due to water oxidation. Using 
faster time resolution than shown here we found 
that the half-time for the absorbance rise for 
proton release associated with the Cyt b/f com- 
plex (approx. 15 ms) was much slower than for 


TABLE II 


A COMPARISON OF THE NUMBER OF PROTONS RE- 
LEASED INTO THE THYLAKOID VESICLE DURING 
ELECTRON TRANSPORT FROM WATER TO METHYL 
VIOLOGEN AND FROM DUROQUINOL TO METHYL 
VIOLOGEN 


Flash-induced proton release into the inner space of thylakoid 
vesicles was estimated from absorbance changes observed ın 
the presence of neutral red. Internal proton release due solely 
to Photosystem II-dependent water oxidation was measured 
using dimethylquinone (0.2 mM) to intercept electrons directly 
from Photosystem II and DBMIB (0.5 uM) to prevent any 
residual electron flow beyond plastoquinone. The reactions 
H0O to methyl viclogen, which includes PS II, Cyt b/f and 
PS I, and duroquinol to methyl viologen, which includes Cyt 
b/f and PS I, were measured as described in Fig. 4. Internal 
proton release due solely to PS II was assumed to be 1H*/PS 
II per flash. 


pH H,O-— methyl viologen DQH, — methyl viologen 


7.0 2840.2 2.0+0.2 
7.5  2.740.3 1.9403 
8.0 2,840.2 1.9+0.2 


water oxidation (equal to or faster than 1 ms). 
Analysis of the proton release kinetics associated 
with guinol oxidation will be discussed elsewhere 
(Jones and Whitmarsh, unpublished results). 


ATP synthesis associated with the flash-induced up- 
take and release of protons 

We investigated the relationship between the 
threshold number of flashes necessary to initiate 
ATP synthesis and the amount of proton uptake 
from the external medium. In the absence of a 
transmembrane electric field about 80 mmol.H* 
per mol Chl need to be accumulated by thylakoid 
membrane vesicles for the initiation of net ATP 
synthesis [20]. This was found to be true even 
when the amount of H* uptake per flash was 
varied over a wide range and is documented again 
by the open circles in Fig. 5, where we measured 
the number of flashes required for the onset of 
ATP synthesis for flashes of different intensities. 
The solid line is the predicted relationship for a 
uniform threshold pool of protons that must be 
filled in order for net ATP synthesis to commence 
[20]. Based on the H*/e™~ ratios reported in Table 
I, it is anticipated that for the reaction DQH, to 
methyl viologen (H*/e~ = 1.7) about 1.5-times 
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Fig 5. The relationship between the onset of ATP synthesis 
and the amount of proton uptake per flash. The threshold 
number of flashes required for the onset of ATP synthesis was 
determined as described under Materials and Methods Proton 
uptake per flash was varied in the H,O to methyl viologen 
(open circles) by changing the intensity of the flashes with 
neutral density filters. The maximum H* uptake observed 
with saturating flash intensities was 5.4 mmol H* per mol Chl 
per flash. Proton uptake ın PS II (solid circles) and PS I 
(triangles) reactions was measured using saturating flashes The 
electron donor and acceptor systems are the same as in Table 
I, except for the addition of 0.1 mM ADP and 0.5 mM 
Na,H**PO, (10 pCi) im the reaction mixture used to measure 
ATP synthesis The flash frequency was 10 Hz The solid line 1s 
the relationship predicted for the filing of a threshold proton 
pool by the translocated protons (details in the text and Ref 
20). 


more flashes should be required than for the reac- 
tion H,O to methyl viologen (H*/e7 = 2.7). Simi- 
larly, for the reaction H,O to DMQ (H*/e7 = 1) 
it is anticipated that about 3-times more flashes 
should be necessary to initiate net ATP synthesis 
than for H,O to methyl viologen. In Fig. 5 the 
triangles represent the reaction DQH, to methyl 
viologen and the solid circles represent the reac- 
tion from H,O to DMQ. About 22 flashes were 
required for the onset of ATP synthesis for the 
DQH, to methyl viologen reaction, about 50 for 
the H,O to DMQ reaction and about 15 for the 
H,O to methyl viologen reaction. Clearly these 
data points correspond closely to the predicted 
relationship (solid curve) indicating that the ad- 
ditional proton translocated by the Cyt b/f com- 
plex contributes in proportion to the measured 
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H*/e™ ratios to the energetic proton pool that 
drives ATP synthesis. 


Discussion 


The mechanism by which electron transfer from 
Photosystem II to Photosystem I transports pro- 
tons across the thylakoid membrane has yet to be 
determined. A central element in efforts to under- 
stand this process is determining the number of 
protons that are translocated for each electron 
transferred through the Cyt b/f complex. While 
several previous studies support H*/e~ values 
greater than 1 these have measured either proton 
uptake from the external medium [9,14,15] or re- 
lease into the thylakoid vesicle [35], but not both. 
Thus, in these earlier studies the possibility that a 
fraction of the proton uptake or release was due to 
light-induced proton binding or debinding due to 
changes in the membrane surface charge could not 
be excluded. In the work presented here we mea- 
sured proton uptake from the external medium 
and proton release into the internal aqueous phase 
under similar conditions. The data show that for 
each electron transferred through the Cyt b/f 
complex to Photosystem I that 1.7-1.8 protons are 
taken up by the thylakoid membrane, and that 
1.7--2.0 protons are released into the inner aque- 
ous space of the thylakoid membrane vesicle. These 
results demonstrate that, for each electron trans- 
ferred through the Cyt b/f complex to Photosys- 
tem I an additional proton can be transferred 
across the thylakoid membrane. Moreover, these 
high H*/e~ values for the flash-induced turnover 
of the Cyt b/f complex were not detectably af- 
fected by the pH of the external medium (Fig. 3 
and Table IT). 

Independent evidence for the translocation of 
an extra proton by intersystem electron transfer is 
found in the onset behavior of ATP synthesis. In 
an earlier paper Hangarter and Ort [20] studied 
the filling of the threshold proton pool that drives 
ATP synthesis and found that the pool became 
sufficiently energized for ATP synthesis after about 
80 mmol H+ per mol Chl had been accumulated 
by the membrane vesicles regardless of the rate of 
accumulation. This was true when the rate of 
proton accumulation was varied by any of several 
different treatments that lowered the number of 


protons taken up per flash including the inhibition 
of either Photosystem II-dependent or Photosys- 
tem I-dependent proton uptake. Our data pre- 
sented here (Fig. 5) show that Photosystem II- 
driven proton accumulation required approx. twice 
the number of flashes to fill the threshold pool as 
did the Photosystem I reaction from DQH, to 
methyl viologen that includes the Cyt b/f com- 
plex. The most straightforward explanation of 
these data is that intersystem electron transport 
translocates two protons for each proton released 
by PS II and that the additional proton transloca- 
tion contributes to the electrochemical proton 
potential that drives the synthesis of ATP. 

While the data shown here demonstrate that 
oxidation of quinol by the Cyt b/f complex re- 
sults in the translocation of an additional proton, 
it must be emphasized that in electron transport 
under conditions of continuous high light intensity 
the question of additional proton translocation by 
the Cyt b/f complex remains unresolved. Several 
investigators support the suggestion that the extra 
proton translocation associated with the electro- 
genic steps of the Q- or b-cycle may be energeti- 
cally feasible only when the transmembrane elec- 
trochemical potential is small [8,9,16]. In fact, our 
results indicate that even with single-turnover 
flashes given at relatively low frequency (10 Hz) 
and in the presence of an ionophore that prevents 
the formation of an electric potential, the extra 
proton translocation associated with the Cyt b/f 
complex is fully present during the first 20—30 
turnovers after which the H*/e~ probably de- 
clines gradually toward the steady-state value. 
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Biochimica et Biophysica Acta: 40 years on 





Professor H.G.K. Westenbrink 


Biochimica et Biophysica Acta, the first truly 
international journal in the field of biochemistry 
and biophysics, and now undoubtedly one of the 
largest, is celebrating its 40th anniversary with this 
issue. 

The journal was founded in 1947 by Professor 
H.G.K. Westenbrink, who remained Managing 
Editor of the journal until 1964. He was succeeded 
by Professor E.C. Slater, who was able to fulfil 
this function until his recent retirement as Chair- 
man of the Board of Managing Editors. Professor 


The photograph of E.C. Slater is reproduced by permission of 
Godfrey Argent, U.K.. photographers. 


Professor E.C. Slater 


Slater was encouraged to write a history of BBA, 
recalling its remarkably rapid growth and some of 
the intricacies involved in the journal's birth and 
early development [1]. 

On the auspicious occasion of the journal's 
40th birthday, the Publisher would like to take the 
opportunity of thanking all those who have played 
an active role in the journal’s development, and 
looks forward to further stimulating developments 
over subsequent decades. 


[1] Biochimica et Biophysica Acta: The Story of a Biochemicai 
Journal by E.C. Slater (1986) Elsevier Science Publishers 
ISBN 0-444-80769-1: Prce DA.75.00 
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Evidence for the glycoprotein nature of vitamin K-dependent carboxylase 
from rat liver 


Tom Brody * and John W. Suttie 


Department of Biochemistry, College of Agricultural and Life Sciences, University of Wisconsin-Madison, Madison, 
WI 53706 (U.S.A.) 


(Received 1 September 1986) 


Key words: Lectin, Vitamin K-dependent carboxylase; Prothrombin; Glycoprotein 


The ability of the rat liver microsomal vitamin K-dependent carboxylase and microsomal precursors of 
prothrombin and other vitamin K-dependent proteins to bind to lectin gels has been determined. Under 
denaturing conditions which dissociate precursor substrates from the carboxylase enzyme, prothrombin 
precursors and microsomal proteins labeled in y-carboxyglutamate residues with ['‘C]bicarbonate were 
nearly quantitatively bound to concanavalin A gels. When lentil lectin gels were used, only about one third of 
these proteins were bound, suggesting a heterogeneity of this glycoprotein pool. Under non-denaturing 
conditions, both precursor proteins and vitamin K-dependent carboxylase activity were retained on either 
concanavalin A or lentil lectin gels. These data are consistent with an increase in lectin binding determinants 
in the precursor-carboxyase complex and are evidence for the glycoprotein nature of this microsomal 


enzyme. 


Introduction 


The hepatic vitamin K-dependent carboxylase 
catalyzes the posttranslational carboxylation of 
specific glutamyl residues to form -y-carboxy- 
glutamyl (Gla) residues. The enzyme is localized 
in the rough endoplasmic reticulum and appears 
to be an integral membrane protein [1]. The natu- 
ral protein substrates for this enzyme are pre- 
cursors of prothrombin and other vitamin K-de- 
pendent proteins, and a fraction of this precursor 


* Present address: Medical University of South Carolina, De- 
partment of Anatomy, P.O. Box 12559, Charleston, SC 
29412, U.S.A 

Abbreviation: Gla, y-carboxylglutamy]. 


Correspondence: Prof. J.W Suttie, Department of Biochem- 
istry, University of Wisconsin-Madison, Madison, WI 53706, 
U.S A. 


pool is tightly bound to the carboxylase. This 
association can be readily demonstrated by the 
ability of immobilized antibodies raised against 
prothrombin or Factor X to bind the carboxylase 
in an active form [2-5]. 

Precursors of vitamin K-dependent clotting fac- 
tors accumulate when vitamin K_ function is 
blocked {2,6]. Both the membrane-associated frac- 
tions of the prothrombin precursor pools and a 
fraction that is readily released following mem- 
brane permeabilization have been shown to be 
glycoproteins [7]. A number of microsomal mem- 
brane proteins such as hydroxymethylglutaryl-CoA 
reductase [8,9], cytochrome P-450 [10], ribophorin 
[11], prostaglandin endoperoxide synthetase [12], 
and several separated but unidentified proteins 
[13,14] have been shown to be glycoproteins. At- 
tempts to purify the vitamin K-dependent 
carboxylase have had limited success [2,5,15—17], 
and little is known of the properties of this pro- 
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tein. The nature of any carbohydrate attached to 
the carboxylase or its substrates has, therefore, 
been investigated by their association with im- 
mobilized lectins. 


Materials and Methods 


Chemicals. Triton X-100 was from RPI Re- 
search Products International (Elk Grove Village, 
IL). Concanavalin A-Sepharose 4B (Con A-Seph- 
arose) and lentil lectin-Sepharose 4B were from 
Pharmacia Fine Chemicals (Uppsala, Sweden). The 
tripeptide substrate t-Boc-Glu-Glu-Leu-OMe was 
from Vega Fox Biochemicals (Tucson, AZ), and 
concanavalin A, methyl a-mannoside (grade II) 
and E. carinatus venom were from Sigma (St. 
Louis, MO). The chromogenic substrate $-2238 
was from Kabi Diagnostics (Stockholm, Sweden). 
NaH“CO, (60 mCi/mmol) and NCS tissue 
solubilizer were from Amersham/ Searle (Arling- 
ton Heights, IL). Aquasol and Econofluor were 
from New England Nuclear (Boston, MA). 

Microsomes. Male Holtzman rats (250-300 g) 
were given warfarin (5 mg/kg, i.p.), fasted over- 
night, and killed 18 h later. Livers were minced 
and homogenized in 2 vol. 0.25 M sucrose/25 mM 
imidazole-HCl (pH 7.0)/1 mM dithiothreitol at 
2°C using a Teflon Potter-Elvehjem homogenizer. 
Microsomes were isolated as described previously 
[18], stored in liquid nitrogen, thawed, and resus- 
pended with a Dounce homogenizer in a volume 
of added buffer identical to the original volume of 
post-mitochondrial supernatant. 

Microsomes to be used as a source of solubi- 
lized vitamin K-dependent carboxylase were re- 
suspended in 1 M KCI/1 mM dithiothreitol /25 
mM imidazole-HCl (pH 7.0) at 2°C and repel- 
leted by ultracentrifugation to remove contaminat- 
ing proteins [19]. Pellets were solubilized in 0.5 M 
KCI1/10% glycerol/1 mM dithiothreitol/25 mM 
imidazole-HCI (pH 7) (buffer A) containing 1% 
Triton X-100 for 30 min at 2°C and then centri- 
fuged (6.3 - 10° g - min) to remove a small pellet. 

Microsomes were permeabilized by suspension 
in 80 mM KC1/0.25 M sucrose/1 mM dithioth- 
reitol/25 mM imidazole-HCl (pH 7.0) (buffer B} 
containing 0.4% Triton X-100 for 20 min at 2°C 
followed by ultracentrifugation to separate the 
cisternal contents from the extracted membranes. 


The cisternal contents were then brought to 0.5 M 
NaCl and 2% Triton X-100 by adding salt crystals 
and a small volume of 25% Triton X-100. The 
extracted membranes were solubilized in 2% Tri- 
ton/0.5 M NaCi/10% glycerol/1 mM _ dithioth- 
reitol/25 mM umidazole-HCl (pH 7.0) (buffer C) 
at 2°C. 

Intact microsomes were radiolabeled in Gla 
residues by suspending in buffer B and adding 
0.18 mCi sodium ['*C]bicarbonate and 120 ug 
vitamin KH./ml of suspension. After incubation 
for 30 min at 17°C, the reaction mixture was 
cooled to 2°C and 0.1 M sodium bicarbonate was 
added. Microsomes were pelleted, washed again in 
bicarbonate, suspended in 20 mM dithiothreitol 
and 25 mM Tris-HCl (pH 8.0) containing 1% SDS 
at room temperature and placed in a boiling water 
bath for 5 min. An aliquot of the hot clear solubi- 
lized material was removed and mixed thoroughly 
with 5 vol. 0.5 M NaCl/10% glycerol/2 mM 
dithiothreitol/25 mM imidazole-HCl (pH 7.0) at 
room temperature containing 8% Triton X-100. 

Radiolabeled microsomes were also solubilized 
under non-denaturing conditions using buffer C 
containing 1% Triton X-100. After clarification 
solutions were diluted in 5 vol. buffer C contain- 
ing 8% Triton X-100. 

Lectin-gel chromatography. Chromatography 
was carried out as describedi n the figure legends. 
Concanavalin A-gels were discarded after use. 
Lentil lectin gels were washed in 10% methyl 
a-mannoside, rinsed thoroughly with 0.25 M 
KCI/25 mM _ imidazole-HCl (pH 7)/1 mM 
MnCl,/1 mM CaCl,/0.2 mM merthiolate, stored 
wet at 4°C, and reused. Radioactivity in eluted 
fractions was determined by adding 2 mg albumin 
and 3 ml 10% trichloroacetic acid to a 1 ml aliquot 
and centrifuging for 2 h at 5000 x g. When the 
eluted fractions containing 2% Triton X-100 pel- 
lets were solubilized in 1 ml NCS solubilizer and 
12 mi Econofluor and when 8 or 12% Triton was 
present, pellets were solubilized in 1 ml NCS and 
12 ml Aquasol. These mixtures were stored at 
room temperature in the dark for a week in order 
to eliminate chemiluminescence before radioactiv- 
ity was determined by liquid scintillation spec- 
trometry. 

Microsomal prothrombin precursors and vitamin 
K-dependent carboxylase assays. Microsomal pro- 


thrombin precursors were measured by incubating 
detergent-solubized microsomes with E. carina- 
tus venom followed by the addition of D-Phe-L- 
pipecolyl-L-Arg p-nitroanilide (S-2238). The prod- 
uct of the amidolytic reaction was measured by 
the absorbance at 405 nm. The procedure was that 
of Bertina et al. [20] as modified for use with 
microsomal protein by Shah et al. [21.22]. Amido- 
lytic activity was shown to be linear over the 
period used for assay for both cisternal and mem- 
brane-bound precursor activity. 

Vitamin K-dependent carboxylase activity was 
assayed in incubation mixtures containing 25-200 
ul solubilized enzyme, 50 u1 10 mM tripeptide, 10 
pl ['4C]-bicarbonate (20 Ci), 25 p1 0.2 M MnCl,, 
100 pl heat-denatured microsomes [23], 10 ul 15 
mM vitamin KH, in ethanol, and supplementary 
buffer. The supplementary buffer was used to 
bring reaction mixtures to 0.5 M KCI1/15% 
glycerol/1 mM dithiothreitol/25 mM imidazole- 
HCI (pH 7.0). The final volume was 0.5 ml and 
incubations were for 30 min at 17°C, Reactions 
were terminated with 2 ml 10% trichloroacetic 
acid. Radioactivity incorporated into tripeptide 
(peptide carboxylase) and into protein (protein 
carboxylase) was measured according to Suttie et 
al. [24]. 


Results 


When Tritan-solubilized microsomes were 
mixed with immobilized lectin gels, over 80% of 
the carboxylase activity was removed by con- 
canavalin A and about 70% by lentil lectin Table 
I). This association was prevented when the buffer 
contained 10% methyl a-mannoside. The enzyme 
was active when bound to the immobilized lectins, 
and when concanavalin A gels were resuspended 
in the standard incubation mixture, about 80% of 
the original enzyme activity was bound to the gel, 
with remaining activity in the supernatant (Table 
II. Protein carboxylase activity was also bound in 
high yields, suggesting that nearly all carboxylata- 
ble precursors in solution are bound to the en- 
zyme. Free precursors in the solubilized micro- 
somal preparation would be expected to adhere to 
sites on the concanavalin A gel remote from sites 
binding carboxylase and would be unavailable to 
the glutamate substrate binding site of the en- 


TABLE I 


BINDING OF VITAMIN K-DEPENDENT CARBOXY- 
LASE TO IMMOBILIZED LECTIN GELS 


Binding experiments were conducted by mixing 0.3 ml enzyme 
solubilized with 1% Triton in buffer A (glycerol) or in buffer A 
containing 10% methyl a-mannoside rather than glycerol with 
0.3 cm’ of concanavalin A gel, or 0.7 ml of enzyme with 10 
em’ of lentil lectin gel Mixtures were agitated over the course 
of 15 min at 2°C, followed by centnfugation Results from 
vitamin K-dependent caboxylase assays of 100 ul supernatnats 
were used to express the binding data. 


Expt. Gel Carboxylase activity Percent 
(dpm x 1074) bound ° 
methyl glycerol 
a-mannoside 

A ConcanavalinA 59 1.02 83 

B Concanavalin A 5.2 0.66 87 

G Lentil lectin 1.6 0 53 67 

D Lentil lectin 13 035 73 


* Amount of activity recovered in the presence of methyl 
a-mannoside that is removed when glycerol-containing buffer 
was used Recovery of enzyme in methyl a-mannoside ın- 
cubations was 85-100%. 


zyme. When soluble concanavalin A (2-6 mg/ml) 
was mixed with Triton-solubilized microsomal 
protein (6 mg/ml) prior to mixing with the con- 
canavalin A-Sepharose 4B, enzyme binding was 
prevented (data not shown), indicating that the 
binding was specific for the affinity ligand rather 
than the column support. 

The Triton-solubilized preparation used in Ta- 


TABLE II 


VITAMIN K-DEPENDENT CARBOXYLASE ACTIVITY 
FOLLOWING CONCANAVALIN A GEL TREATMENT 


Binding experiments were conducted by mixing 0.2 ml enzyme 
solubilized in buffer A containing 1% Tnton X-100 with 2.0 of 
buffer A containing 05% Triton X-100 and 0.2 cm? of con- 
canavalin A gel. Association was permitted for 1 h followed by 
centrifugation. Assays contained 100 pl unfractionated pro- 
ten, 0.2 ml supernatants, or the 0.2 cm? concanavalin A gel in 
a total assay volume of 0.5 cm’. Vitamin K-dependent carboxy- 
lation of Boc-Glu-Glu-Leu-OMe (peptide) or endogenous mı- 
crosomal proteins (protem) was carried out 


Expt. Gel-bound activity, %  Non-bound activity, % 


peptide protem peptide protem 
A 81.8 76.7 24.9 26.0 
B 13:2 75.7 23.5 215 


bles I and II contained complexes of precursor 
proteins and carboxylase [2,4,5], and lectin bind- 
ing could have been due to association with either 
component. The ability of free precursor protein 
to bind to these gels was, therefore, assessed. 
Prothrombin precursors were derived from the 
cisternal contents of microsomes by extraction 
with buffer containing 0.4% Triton and 80 mM 
KCl [16]. This material contained only 3% of the 
total carboxylase activity of unextracted micro- 
somes. When this precursor preparation was 
analyzed for glycoprotein content by fractionation 
on lentil lectin gel in the presence of 2% Triton, 
one third of the recovered activity was specifically 
bound (Fig. 1A). Where the non-binding material 
was reloaded on a concanavalin A gel, fully 70% 
of the material was specifically bound in the ab- 
sence (Fig. 1B and C), but not in the presence of 
methyl a-mannoside. Thus, at least 90% of cister- 
nal content prothrombin precursor acts as a glyco- 
protein, but the different lectin associations sug- 
gest that there are two pools. 

In contrast to the low association of the cister- 
nal content precursor activity to a lentil lectin gel, 
nearly 80% of the membrane-associated precursor 
activity bound to this gel and could be eluted with 
methyl a-mannoside (Fig. 1D). Again, about 75% 
of the material not bound to a lentil lectin gel 
could be bound to concanavalin A in the absence, 
but not in the presence, of methyl a-mannoside 
(Fig. 1E and 1F). 

Similar results were obtained when microsomal 
precursors were labeled by incubation with vita- 
min K and H“CO;. When labeled material was 
solubilized in SDS and fractionated on a con- 
canavalin A gel in the presence of buffer contain- 
ing 10% glycerol, the recovery of radioactivity was 
only 14%, but where binding was prevented by 
10% methyl a-mannoside the recovery was 80% 
(Fig. 2A and B). When this material was chro- 
matographed on a lentil lectin gel, only 35% of the 
radioactivity bound to the gel in a manner that 
could be displaced by methyl o-mannoside (Fig. 
2C). When the microsomes were solubilized with 
Triton only, which would leave precursor- 
carboxylase complexes intact, 65% of the radioac- 
tivity was specifically bound to he lentil lectin gel 
in the absence, but not in the presence, of methyl 
a-mannoside (Fig. 2C). 


CISTERNAL PRECURSORS MEMBRANE-BOUND PRECURSORS 


03 


Abs. at 405pm 
O 
fy 


Oj 


a 
Y 
il 
Q 
E 
& 
[>] 
E 
ak: 
Poal 
S 
t 
i 
| 


w = methyl~mannoside 





f 5 9 4234 {234 f § 9 234 1234 
Fraction (10ml) 


Fig. 1. Chromatography of cisternal content and membrane- 
bound prothrombin precursors on lectin gels Cisternal (panel 
A) or memrbane-bound (panel D) prothrombin precursor ex- 
tracts were prepared and 0.45 ml loaded on 1.25 cm? lenti 
lectin gels. The extract was washed with 055 ml buffer C, 
washed with 4X1.0 ml buffer C, and then developed with 
4X10 mi buffer C containing 10% methyl a-mannoside rather 
than 10% glycerol Total recovery of column A was 88%, and 
128% of column D. Separations were conducted ın quadrupli- 
cate to provide enough non-binding activity needed for rechro- 
matography The non-binding material (fraction 1, 1.5 ml) of 
column A was mixed with 150 mg sucrose, loaded on a 1.0 em? 
concanavalin A column (B), and developed with buffer C, or 
mixed with 150 mg methyl a-mannoside, loaded on a con- 
canavalin A column (C), and developed with buffer C contan- 
ing 10% methyl a-mannoside. Recovenes were 21% for column 
B and 87% for column C. Fraction 1 of column D was 
fractionated ın a similar manner on columns E and F with 
recovenies of 26% and 86% 


Further evidence that the prothrombin pre- 
cursor was tightly complexed to the carboxylase 
under non-denaturing conditions was obtained by 
assessing the binding of “C-labeled precursors 
and vitamin K-dependent carboxylase activity to 
lentil lectin gels developed with different con- 
centrations of methyl a-mannoside (Table III). 
Recovery of carboxylase activity from gels eluted 
with 0% methyl a-mannoside was only 23%, con- 
firming the observation that the carboxylase en- 
zyme binds well to lectin gels. Low concentrations 
of methyl a-mannoside increased the’ recovery. 
However, repeated attempts to develop these col- 
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Fig. 2. Chromatography of ‘C-labeled precursors on lectin 
gels. Microsomal suspensions were labeled, dissolved ın SDS, 
and diluted into a buffer contamming 8% Triton X-100 Suspen- 
sions diluted in buffer containing 10% glycerol were loaded on 
concanavalin A column A, and suspensions diluted in buffer 
containing 10% methyl a-mannoside were loaded on con- 
canavalin A column B. The columns were equilibrated and 
eluted with the same buffers. ‘C-labeled microsomes were 
also dissolved ın the absence of SDS and the elutions of this 
material (©) and the SDS-denatured matenal (@) from a lentil 
lectin gel were compared in C. The columns were washed with 
buffer containing 10% glycerol and developed with buffer 
containing 10% methyl a-mannoside 


TABLE MI 


CHROMATOGRPAHY OF VITAMIN K-DEPENDENT 
AND TRITON-SOLUBILIZED “C-LABELLED PRE- 
CURSORS ON LENTIL LECTIN GELS IN THE PRES- 
ENCE OF VARIOUS CONCENTRATIONS OF METHYL 
a-MANNOSIDE 


Microsomes were sdlubilized in buffer A containing 1% Triton 
X-100 and 0.3 ml (1.8 mg} protein mixed with 3.0 ml of a 
column buffer consisting of 0.5 M KCI/0.4% Triton X-100/25 
mM imidazole-HC1/10 mM MnCl,/1 mM CaCl,/1 mM 
dithiothreitol (pH 7.0)/10% glycerol. Columns (1 0 cm?) were 
eluted with 60.6 mi of the same buffer containing the 
glycerol and methyl a-mannoside concentrations indicated. 
Carboxylase activity and recovery of radioactivity from pro- 
teins labeled with vitamin K and H'™COj were determined. 
Recovery is calculated as the sum of all of the fractions 
collected compared ‘to the activity added to the column. 


Elution buffer Recovery of Recovery of 
eee 14 
methyl glycerol, carboxylase C-labeled 
a-mannoside % acuity prosen, 
g : % % 
0 10 23.3 32 2 
0.03 10 32.6 44.2 
0.06 10 41.9 53.2 
0.12 10 50.8 64.0 
10 q 64.1 75.6 


umns with a continuous gradient of methyl a- 
mannoside resulted in a progressive loss of 
carboxylase activity. 

Specificity and reproducibility of the binding 
properties of the carboxylase and of prothrombin 
precursors were assessed by rechromatography 
(Fig. 3). When Triton solubilized *C-labeled pre- 
cursors were applied to a lentil lectin gel, about 
50% of the adsorbed radioactivity was eluted with 
0.06% methyl a-mannoside and 50% with 10% of 
the sugar (Fig. 3A). When the material eluting 
with 0.06% methyl a-mannoside was dialyzed and 
reapplied to the column, less than 10% failed to 
adsorb and over 70% was again eluted with 0.06% 
methyl a-mannoside (Fig. 3A). Similar results were 
seen when the SDS-solubilized material was re- 
chromatographed. A predominant elution at 10% 
methyl a-mannoside was also observed (data not 
shown) when the material eluting at 10% methyl 
a-mannoside was dialyzed and _ rechromato- 
graphed. Failure of a fraction of the 4C-labeled 
material to bind was not due to saturation of 
binding sites on the lectin column, as material not 
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Fig. 3. Chromatography of Tnton-solubilized C-labeled pre- 
curosrs on lentil lectin gels Microsomal suspensions were 
labeled and solubilized ın Triton X-100. (A) The sample (1.8 
ml) was washed into the column with 1 ml buffer C containing 
8% Triton and then developed with 8x 1.0 ml of this buffer 
with 0 06% mannoside added followed by 4X1 0 mi of a buffer 
where 10% methyl a-mannoside replaced the glycerol (O). 
Unfractionated proteins were chromatographed on lentil_lectin 
gels in quadruphcate in order to accumulate enough separated 
material for rechromatography. Material eluting in fraction 6 
(15% of total) was dialyzed overmght against buffer C contain- 
ing 8% Triton at 4°C, reloaded on a fresh gel, and developed 
as before (@-- ---- @). (B) Non-binding C-labeled protein 
recovered in fraction 1 (8% of total) was loaded on a fresh gel 
and the column developed as before. 
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adsorbed to the column passed through when 
loaded on a fresh gel (Fig. 3B). 


Discussion 


Prothrombin precursors accumulate in the crude 
liver microsomal fraction when vitamin K action 
is blocked, and can be separated into a mem- 
brane-bound pool which can be labeled by the 
vitamin K-dependent carboxylase in vitro and a 
lumenal pool which is a poor substrate for this 
enzyme. Studies with tunicamycin-treated rats [4] 
have demonstrated the glycoprotein nature of the 
prothrombin precursor pool, and the present lectin 
binding studies have confirmed and extended these 
studies to the entire ‘“C-carboxylatable precursor 
pool. The membrane fraction of this pool could be 
followed by specific labeling with [C]bi- 
carbonate, while the cisternal content prothrom- 
bin pool was detected by E. carinatus-generated 
thrombin. Although SDS-denatured ‘C-labelled 
precursors and cisternal content prothrombin pre- 
cursors were shown to be glycoproteins by chro- 
matography on concanavalin A gels, these pre- 
cursors bound poorly to lentil lectin gels, indi- 
cating the absence of some oligosaccharide de- 
terminants needed to bind to this lectin. Con- 
canavalin A binds oligosaccharide moieties of a 
variety of glycopeptides and glycoproteins [25-27], 
and lentil gels differ from concanavalin A gels in 
that their lectin protein density is less than that of 
concanavalin A gels and their oligosacchride bind- 
ing specificity differs from that of concanavalin A 
gels [28]. 

Lentil lectin gel chromatography in the pres- 
ence of Triton X-100 and varying methyl a-man- 
noside concentrations indicated that the micro- 
somal vitamin K-dependent clotting factor pre- 
cursors consist of a pool of heterogeneous glyco- 
proteins. The basis of this heterogeneity may be 
related to the fact that certain clotting factors, 
such as bovine plasma prothrombin, contain three 
N-linked oligosaccharide chains, whereas others 
such as plasma Factor X contain only one chain 
[29]. 

In contrast to the decreased binding of pre- 
cursors to lentil lectin as compared to concanava- 
lin A gels, carboxylase-precursor complexes pre- 
pared under non-denaturing conditions bound 


with essentially equal affinity to the two lectins, 
suggesting that additional determinants are pre- 
sent in these preparations. The most consistent 
interpretation of these data is that the vitamin 
K-dependent carboxylase itself is a glycoprotein 
and furnishes the additional determinants. The 
nature of the oligosaccharide involved cannot be 
determined from these studies. 

Proteins which bind to lentil lectin gels contain 
the N-linked core oligosaccharide, Man,Glc, 
(GIcNAc), [30]. It is unlikely that these oligosac- 
charides are modified by the presence of sialic 
acid, galactosamine, or fucose, as the appropriate 
monosaccharide transferases [31] and substrate 
transport systemes [32] are highly enriched in the 
Golgi. However, fucose linked to the N-acetylglu- 
cosamine at the protein terminus has been shown 
to be a determinant for binding of glycopeptides 
to lentil lectin gel [28], raising the possibility that 
the lentil lectin gel-binding proteins described here 
may contain fucose. Sialic acid and fucose [13,33] 
have been shown to be components of integral 
microsomal membrane proteins, and Boulan et al. 
[34] have claimed that lentil lectin binds to sites in 
the rough endoplasmic reticulum that are different 
from concanavalin A binding sites. A more de- 
tailed analysis of the nature of the carbohydrate 
composition of this microsomal enzyme will de- 
pend on purification, and the interactions with 
immobilized lectins demonstrated here should be 
useful in these efforts. 
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An endogenous modulator for the site labeled by [*H]imipramine which is putatively coupled to the 
serotonin transporter in human platelets was isolated and purified from plasma. Procedures included 
sequential chromatography on Cibacron blue-Sepharose 4B, concanavalin A-Sepharose 4B, Mono Q HR 
10/10 anion exchange, DuPont GF-250 gel permeation and Mono S HR 5/5 cation exchange columns. 
The purified modulator is a protein of M, 45000 with a very acidic pK (less than 3) and sensitive to various 
proteinases but heat- and acid-stable. This protein inhibited [>H]imipramine binding to platelet membranes 
competitively (IC, = 6 uM) and enhanced serotonin uptake in fresh human platelets (EC. ~ 7 pM). 
Various physico-chemical properties, including chromatographic, electrophoretic and immunological as well 
as amino acid composition analysis revealed that the isolated protein is most probably the human «a,-acid 


glycoprotein. 


Introduction 


The mechanism of serotonin translocation in 
neurons and platelets has been the subject of 
numerous investigations [1-3]. Platelet serotonin 
uptake has been used as a model for the neuronal 
system, since both brain and platelet share many 
biochemical and pharmacological processes [4,5]. 
Many tricyclic antidepressive agents are potent 
inhibitors of serotonin uptake [1]. Using a radio- 
labeled form of the antidepressant imipramine, a 


Abbreviations: TRH, thyrotropin-releasing hormone; 8-OH- 
DPAT, 8-hydroxy-2-(di-n-propylamino)tetralin; SDS, sodium 
dodecyl sulphate. 
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New Jersey, 505 Ramapo Valley Rd., Mahwah, NJ 07430, 
U.S A. 


specific high affinity binding site on platelets [6,7] 
as well as in neuronal membranes [8] has been 
identified. This recognition site labeled by [* H]im- 
ipramine has been shown to be distinct but allos- 
terically coupled to the serotonin transporter 
[9-13]. Clinical studies of depressed patients have 
demonstrated alterations in the density of [? H]im- 
ipramine binding and reduced platelet [*H]sero- 
tonin uptake [14—16] suggesting dysfunction of the 
serotonin system in depressive illness. 

Serotonin possesses profound peripheral vaso- 
constrictive properties mediated through the vasc- 
ular S, receptor [17,18]. Agents like ketanserin 
through blockade of the S, receptor have been 
shown to be effective antihypertensive agents 
[17,18]. It is possible that modulation of periph- 
eral serotonin availability can ultimately affect 


‘ vasomotor tone. 


0304-4165,/87/$03.50 © 1987 Elsevier Science Publishers B.V (Biomedical Division) 


Since the [? Hlimipramine binding site allosteri- 
cally modulates serotonin transport, the presence 
of endogenous effectors of this site seems plausi- 
ble. Recently, several laboratories have searched 
for endogenous serotonin transport modulators. A 
few low molecular weight materials have been 
detected or partially purified from either human 
plasma or from rat brain or plasma [19-24]. In 
addition, 5-methoxy-, 6-methoxy-, or 6-hydroxy- 
tryptolines have been suggested as potential en- 
dogenous modulators of [*H]imipramine binding 
and serotonin uptake [25,26]. However, 5- 
methoxytryptoline’s role as an endogenous ligand 
for the [*H]imipramine site has been questioned 
[22]. The small molecular weight compounds 
[19—26] reported thus far inhibit both serotonin 
uptake and [*H]imipramine binding. The results 
presented herein demonstrate the isolation, purifi- 
cation and some physico-chemical properties of a 
glycoprotein from human plasma which in human 
platelets enhances serotonin uptake while inhibit- 
ing [?H]imiprantine binding. 


Materials and Methods 


Chemicals and pharmaceuticals 

All reagents were of the highest grade commer- 
cially available. The radiochemicals [*H]imipra- 
mine (44.2 Ci/mmol), 2-[?H]nitroimipramine (87 
Ci/mmol), [*H]serotonin binoxalate (21.4 Ci/ 
mmol), [>H]prazosin (19.3 Ci/mmol), ?H-labelled 
thyrotropin-releasing hormone (TRH) (76.7 
Ci/mmol), [*H]quinuclidinyl benzilate (0.1 
Ci/mmol), and [7 H]flunitrazepam (77.4 Ci/mmol) 
were purchased. from DuPont/ New England 
Nuclear Corp. 8-[?H]Hydroxy-2-(di-n-propyl- 
amino)tetralin (8-[>H]OH-DPAT) (187 Ci/mmol) 
was obtained fram Amersham Corp. Nonradioac- 
tive TRH was obtained from Peninsula Laborato- 
ries and 8-OH-DPAT from Research Biochem- 
icals, Inc. Human a,-acid glycoprotein was 
purchased from Sigma Chemical Co. Rabbit anti- 
serum to human a,-acid glycoprotein was ob- 
tained from Calbiochem-Behring. The enzymes 
trypsin, chymotrypsin, pepsin, papain and neur- 
aminidase were purchased from Worthington Bio- 
chemical Corp. 

Pharmaceutical agents were obtained from the 
following sources: fluoxetine (E. Lilly), imipra- 
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mine and phentolamine (Ciba-Geigy), clonazepam 
(Hoffman-La Roche), and atropine sulphate 


(Sigma). 


Chromatographic materials 

Affigel Blue (Cibacron blue-Sepharose 4B, 
50-100 mesh, 150-300 p, capacity: 11.56 mg al- 
bumin/ml gel) was obtained from Bio-Rad 
Laboratories. Concanavalin A-Sepharose 4B (10 
mg concanavalin A/ml of gel), Mono Q HR 10/10 
anion exchange, Mono S HR 5/5 cation exchange 
and Mono P 5/20 chromatofocusing columns were 
purchased from Pharmacia. Bio-series GF-250 
preparative gel permeation column was purchased 
from DuPont Corp. 


Receptor binding assays 

[>H]Imipramine binding to platelet membranes 
was performed according to established proce- 
dures in our laboratory [27]. Fluoxetine at 10 1M 
final concentration was used to determine non- 
specific binding. [> H]Quinuclidinyl benzilate bind- 
ing to rat cortical membrane preparations using 
atropine sulphate to assess non-specific binding 
was performed according to the method of 
Yamamura and Snyder [28]. [*H]Flunitrazepam 
binding to rat cortical membranes was performed 
according to established procedures [29]. The as- 
say for [>H]methyl-TRH binding to rat amygdala 
membranes was performed according to previous 
reports [30,31] using unlabeled TRH for assess- 
ment of non-specific binding. The a,-adrenergic 
receptor assay was performed on rat cardiac mem- 
branes according to the method of Hoffman and 
Lefkowitz [32] using [?H]prazosin and phentola- 
mine for determining non-specific binding. 8- 
[7H]JOH-DPAT binding assay for serotonin-1 re- 
ceptors was conducted according to the method of 
Hall et al. [33]. All the binding assays were carried 
out in the presence and absence of the endogenous 
modulator at stated concentrations. 


Protein determination 

Protein concentrations were determined utiliz- 
ing the method of Bradford [34] (Bio-Rad Labora- 
tories) with bovine gamma globulin as the stan- 
dard. 


Definition of unit 
One unit of endogenous plasma modulator is 
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defined as the activity that displaces 1000 dpm 
(approx. 10.2 fmol) of specific [?H]imipramine 
binding under the assay conditions described 
above. Control specific binding is typically 651 + 
21 fmol of [*H]imipramine per mg of platelet 
membranes. 


Uptake of [*H]serotonin into intact human platelets 

[?H]Serotonin uptake in human platelets was 
carried out in the presence and absence of the 
endogenous modulator according to the protocol 
described elsewhere [35]. Serotonin was used at 1 
uM final concentration. 


Plasma and platelet preparation 

Fresh human platelet-rich plasma from whole 
blood collected in citrate-dextrose anticoagulant 
was obtained from the New York Blood Center 
(New York, NY) and further manipulated 12 h 
later following normal human disease testing hu- 
man T-cell lymphotropic virus II] antibody and 
hepatitis, etc.). Platelet-rich plasma was centri- 
fuged at 2500 xg for 15 min at 4°C and the 
plasma supernatant was stored at —70°C until 
use for the isolation of the endogenous modulator. 
Intact platelets were prepared for serotonin up- 
take studies or processed into membranes for 
[?Hlimipramine binding assays (stored at — 70°C 
until use) [35]. 


Purification of the endogenous modulator 

The following paragraphs describe the se- 
quences for isolation and purification of a puta- 
tive endogenous modulator for the serotonin 
transport system. Activity at each step in the 
purification process was determined by the ability 
of the fractions to inhibit [? H]imipramine binding 
to human platelet membranes in vitro. 


Affigel Blue chromatography 

Platelet-free plasma (40 ml) in 50 mM Tris-HCl 
buffer (pH 7.5)/0.65 M NaCl, was loaded on an 
Affigel Blue column (2.3 X 40 cm, 200 ml gel) 
which was pre-equilibrated with 50 mM Tris-HCl 
(pH 7.5)/0.5 M NaCl (flow rate; 60 ml/h). The 
column was then washed with 500 ml of starting 
buffer. The combined effluent (550 ml) was tested 
for activity. The adsorbed protein was eluted with 
0.25 M NaSCN in 50 mM Tris-HCl buffer (pH 


7.5) and dialyzed against 50 mM Tris-HCl (pH 
7.5) and tested for activity. 


Concanavalin A-Sepharose 4B chromatography 

The combined unadsorbed effluent (550 ml) 
from the previous step was loaded on a con- 
canavalin A-sepharose 4B column (2.3 X 20 cm, 
100 ml gel), pre-equilibrated with 50 mM Tris- 
HC1/0.5 M NaCl (pH 7.5) (flow rate; 60 ml/h). 
The column was then washed with 200 ml of 
starting buffer. Both the effluent and washings 
(750 ml) were collected and combined. The ad- 
sorbed protein was eluted with 0.25 M methyl 
mannopyranoside in 50 mM Tris-HCl buffer (pH 
7.5). All fractions were tested for activity. The 
combined effluent and washings (containing the 
activity) was brought to 90% saturation with am- 
monium sulphate at 4°C and the precipitated 
protein was collected by centrifugation at 48000 
xg for 15 min, dissolved in 20 mM Tris-HCl 
buffer (pH 7.5) and dialyzed against the same 
buffer. This dialyzed solution was centrifuged at 
30000 x g for 15 min to remove trace amounts of 
denatured protein and the supernatant (16 ml) 
was further processed. 


FPLC on Mono Q HR 10/10 anion exchanger 

A Waters chromatographic system consisting of 
two pumps (Model 510) programmed with an 
automatic gradient controller (Model 680), a U6K 
injector with a loop of 4 ml loading capacity, a 
variable wavelength UV monitor (Lamda Max 
Model 480) coupled with a data module (Model 
730) was used along with a FRAC 100 fraction 
collector (Pharmacia) for the following chro- 
matography steps. 

The sample from the concanavalin A-Sepharose 
4B column was loaded (4 ml sample was processed 
each time) on a Mono Q HR 10/10 column 
(1 X10 cm, ionic capacity 0.27-0.37 mmol/ml) 
pre-equilibrated with 20 mM Tris-HCl buffer (pH 
7.5) and subsequently washed with the same buffer 
at a flow rate of 4 ml/min. The adsorbed protein 
was eluted with 0—0.75 M NaCl linear gradient in 
the starting buffer. Fractions of 4 ml each were 
collected and assayed for activity. 


Size exclusion chromatography on Bio-series GF-250 
column ! 
Active fractions from the anion exchange col- 


umn step were pooled and processed by gel per- 
meation chromatography on a DuPont Bio-series 
GF-250 preparative column (2.12 x 25 cm), pre- 
equilibrated with 200 mM sodium phosphate 
buffer (pH 7.4). 2 ml samples were processed each 
time and fractions of 2 ml each were collected 
(flow rate; 2 ml/min). The active fractions were 
combined from each run, desalted and equi- 
librated with 25 mM sodium acetate buffer (pH 
7.5) using Pharmacia PD 10 desalting columns. 


FPLC on Mono S HR 5/5 cation exchanger 

A Mono S HR 5/5 cation exchange column 
(0.5 ¥ 5 cm, ionic capacity 0.13-0.18 mmol /col- 
umn) was equilibrated with 25 mM sodium acetate 
buffer (pH 5.5) and 8 ml samples from the previ- 
ous step were loaded by repeated injection. The 
column was washed with the same buffer (flow 
rate; 1 ml/min) and the adsorbed protein was 
eluted using a linear gradient of 0-0.75 M NaCl. 
The collected fractions (1 ml each) were equi- 
librated with 50 mM Tris-HCl buffer (pH 7.5) 
using a Pharmacia PD 10 column, prior to being 
assayed for activity. Active fractions were pooled 
and processed for further physico-chemical analy- 
sis. 


Amino acid analysis 

Amino acid analysis was carried out using a 
Beckman 121 MB amino acid analyser. Dried 
protein samples were hydrolyzed for 24, 48 and 72 
h in a gaseous HCl atmosphere according to the 
procedure described for the PicoTag system (Pico- 
Tag work station, Operators Manual, 1984, Waters 
Associates, Milford, MA). 


Immunofixation protocol 

Immunofixation was performed according to 
the procedure supplied by the manufacturer 
(Technical bulletin 015-246A, Beckman Instru- 
ments, 1984). Rabbit antiserum to human a,-acid 
glycoprotein (0.38 mg/ml) was used as the anti- 
body source and human a,-acid glycoprotein was 
used as the reference standard. 


Electrophoretic, photoaffinity labeling and fluoro- 
graphic techniques 

SDS-polyacrylamide gel electrophoresis was 
performed with gels of 10 or 12.5% acrylamide 
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(30: 0.8 acrylamide/ bisacrylamide, w/w) accord- 
ing to Laemmli [36]. Photoaffinity crosslinking 
experiments with 2-[°H]nitroimipramine were car- 
ried out in the presence or absence of the purified 
endogenous human plasma modulator according 
to established procedures [35]. Gels were impreg- 
nated with Enlightening (New England Nuclear) 
for 30 min, dried and exposed to Kodak X-OMAT 
AR film at — 80°C as described by Laskey and 
Mills [37]. 


Equilibrium binding of [*H]imipramine to human 
plasma endogenous modulator 

Equilibrium binding of [*H}imipramine to hu- 
man endogenous modulator was carried out at 
4°C using two different techniques. Using equi- 
librium dialysis, human plasma modulator (300 pg 
protein) in 0.5 ml 50 mM Tris-HCl buffer (pH 
7.5)/120 mM NaCl/5 mM KCl was mixed with 
an equal volume of 4 nM [?H]imipramine solution 
and dialyzed against 1 ml of starting buffer at 
4°C, using Spectrapor dialysis membranes (M, 
cutoff: 12000-14000). Control experiments were 
devoid of any modulator protein. Aliquots of 100 
pl were taken from both compartments at time 
intervals and measured for radioactivity using 
standard liquid scintillation counting techniques. 

The second method employed gel filtration. In 
these experiments, human plasma modulator (300 
pg protein) in 50 mM Tris-HCl! buffer (pH 7.5)/ 
120 mM NaCl/5 mM KCI was incubated with 2 
nM [?H]imipramine (total volume, 750 pl) at 4°C 
for 1.5 h and passed through a Pharmacia PD 10 
gel filtration column preequilibrated with the 
starting buffer. The initial 2.5 ml effluent (void 
volume) were discarded and the next 3.5 ml were 
collected and counted for modulator bound radio- 
activity. 


Results 


Effect of human plasma on [*H]imipramine binding 
and [*H]serotonin uptake 

Addition of platelet-free plasma to platelet 
membranes inhibited [*>H]imipramine binding in a 
dose-dependent manner (Fig. 1), indicating the 
presence of a plasma-derived inhibitor. In con- 
trast, enhanced [*H]serotonin uptake in intact hu- 
man platelets was observed in the presence of 
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Fig 1 Effect of platelet-free plasma on [° H]serotonın uptake 
m human platelets and (?Hhmipramine binding to human 
platelet membranes. Each data point represents mean +S E 
values obtained from four separate experrments done in tri- 
plicate 


small concentrations of platelet-free plasma (1—50 
nl). The enhancement of [?H]serotonin uptake at 
higher plasma concentrations (100-250 ul) was 
attenuated possibly due to the presence of endoge- 
nous plasma serotonin or another inhibitory mod- 
ulator. 


Chromatographic purification of the endogenous 
modulator 

Cibacron blue-Sepharose 4B chromatography 
was adopted as the initial step since albumin, 
which represents approximately 50% of the total 
plasma proteins, is preferentially bound by this 
affinity gel matrix. The unadsorbed protein from 


this column, which contained 66% of the original 
activity, was not retained by a concanavalin A- 
Sepharose 4B column, even though this step re- 
moved some glycoproteins. Elution of the ad- 
sorbed protein from both the Cibacron blue-Seph- 
arose 4B and concanavalin A-Sepharose 4B col- 
umns did not significantly inhibit platelet [> H]im- 
ipramine binding. Removal of albumin and some 
glycoproteins in the first two chromatographic 
steps facilitated processing large amounts of the 
active protein on the subsequent Mono Q HR 
10/10 column, even though there was loss of 
activity (Table I). This observed activity loss could 
have been due to removal of another plasma com- 
ponent which may inhibit or interfere with 
[*H]imipramine binding. Alternatively, some mod- 
ulator protein loss may have occurred during these 
purification steps. 

Chromatography of the active fractions from 
the above step on a Mono Q HR 10/10 anion 
exchange column resulted in retention of all the 
active substance. The major amount of activity 
was eluted from this column at 0.25 M NaCl 
concentration (Fig. 2). The trailing of activity 
noticed throughout the chromatogram appears 
mainly due to interference of some proteins in the 
[?H]imipramine binding assay. 

Gel permeation chromatography of the above 
active fractions on a Bio-series GF-250 column 
resolved the proteins into two major species. All 
the imipramine binding inhibitory activity was 
associated with the second peak of M, = 46000 
(Fig. 3). The slight increase in total recovery units 
observed in this step (Table I) was most probably 
due to higher [> H]imipramine binding in the pres- 
ence of phosphate buffer. 

The active fractions from the Bio-series GF-250 
column were further chromatographed on a Mono 
S HR 5/5 cation exchange column, resulting in 
elution of a single active protein peak at 0.5 M 
NaCl concentration (Fig. 4). The trailing region of 
the 280 nm absorbance peak contained an inactive 
protein which was tenaciously bound to the col- 
umn. This required prolonged washing with 0.75 
M or 1.0 M NaCl for complete desorption. 

An overall 115-fold purification of this modula- 
tor was achieved with 50% recovery by employing 
this purification scheme (Table I). This purified 
protein represents less than 1% of the total plasma 
proteins. 
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TABLE I 


ISOLATION AND PURIFICATION OF A PLASMA ENDOGENOUS MODULATOR AND ITS EFFECTS ON IMIPRAMINE 
BINDING TO PLATELET MEMBRANES 


One unit of endogenous plasma modulator is defined as the activity that displaces 1000 dpm (approx. 10.2 fmol) of specific 
(> H]imipramine binding. See text for assay conditions Control specific binding is typically 651 +21 fmol of [?H}umipramine per mg 
of platelet membranes. Each result represents one of several experiments done in an identical manner. 


Step Total Total Percent Specific activity Punty 

activity protein recovery (units/mg protein) (fold) 

(units) (mg) (units) 
Platelet-free plasma 1781 6 2094 7 100.0 09 1.0 
Cibacron blue-Sepharose 4B 1178 5 1042 2 66.2 1.1 1.3 
Concanavalin A-Sepharose 4B 860.8 876.0 48.3 10 LZ 
Mono Q HR 10/10 928 0 503 52.1 18.5 21.7 
Bio-series GF-250 1196.0 23.5 67.1 50.9 59 8 
Mono S HR 5/5 883.0 96 49.6 975 114.6 
Purity neous band of M, = 42700 according to this crite- 

The purity of the active fractions at each stage rion. Rechromatography of this purified material 

of the chromatographic separations employed was resulted in a single symmetrical peak on the Bio- 


assessed by SDS-polyacrylamide gel electrophore- series GF-250 gel permeation column (Fig. 6A) 
sis (Fig. 5). The purified modulator 1s a homoge- and the Mono S HR 5/5 column (Fig. 6B). 





2.0 p 160 075 
A T 
‘ t 
TLS Pai 120 & 
er wo — 
< gor = ce 
” > | 
E Ma 5 z 
Q 1.0 eee 80 s- = 
N am 
na > O 
Š Seen : E F025 8 
o5 ay | NS 40 q 
= ~ awe” “gee 
< -e Pà te 
H Nee $ So, 
r 4 a ` 
0.0 <% -a cman = O 0 
eae a ag ee a Py eg fa = ee ag ee em ee pet cee a 
O 20 40 60 80 100 120 140 I60 


ELUTION VOLUME (mL) 


Fig. 2 Elution profile of human plasma endogenous modulator on FPLC anion exchange Mono Q HR 10/10 column. Active 
fraction from concanavalin A-Sepharose 4B step was loaded (4 ml) on a Mono Q HR 10/10 column (1 X10 cm). The column was 
further washed with 36 ml 20 mM Tns-HC] buffer (pH 7.5), and then eluted with a gradient of 0-0.75 M NaCl ın the starting buffer 
(4 ml fractions; flow rate, 4 ml/min). Protein was monitored at 280 nm and the activity (inhibition of [?Hhmipramine binding to 
platelet membranes) was measured for each fraction collected. Shaded area represents the active fractions pooled and processed for 
the next step. ( ) protein; (@----- ®) activity. This chromatographic profile represents one of several experiments done in an 
identical manner. ' 
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ELUTION VOLUME (mL) 
Fig 3. Gel permeation chromatograph of human plasma endogenous modulator on a Bio-serres GF-250 column Active fractions of 2 
mi each from the Mono Q HR 10/10 column were processed for gel permeation chromatography on a Bio-series GF-250 column 
(21225 cm; 1 ml fractions; 2 ml/min) using 200 mM sodium phosphate buffer (pH 7.4) as an eluent Calibration of the columnn 
was accomplished using aldolase (ALD) (M, 158000), bovine serum albumin (BSA) (M, 68000), ovalbumin (OA) (M, 45000), 
chymotrypsinogen-A (CHY-A) (M, 25000), and nibanuclease (RNase) ( M, 13690) as standards. The relationship between log M, vs 
elution volume is represented as an inset The endogenous modulator has a molecular mass of 46000 daltons. Shaded area represents 
the active fractions pooled and processed for the next step ( ) protein; (@------ ®) activity. This chromatographic profile 
represents one of several experiments done in an identical manner. 





Physico-chemical properties 
The purified modulator was sensitive to proteo- 
lytic enzyme digestion by chymotrypsin, papain 
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Fig. 4, Elution profile of human plasma endogenous modulator 
on FPLC cation exchange Mono S HR 5/5 column. Active 
fractions of 8 ml each from the gel permeation chromatogra- 
phy step were processed on a Mono § HR 5/5 column (05x5 
cm; preequilibrated with 25 mM sodium acetate buffer, pH 
5.5). The column was washed with 10 ml of starting buffer and 
the adsorbed protem was eluted using a linear gradient of 
0-0.75 M NaCl (1 ml fractions; flow rate, 1 ml/min). Shaded 
area represents the active fractions pooled and processed for 
the physico-chemical studies. ( ) protein; (@------ @®) ac- 
tivity. This chromatographic profile represents one of several 
experiments done ın an identical manner. 
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Fig 5. SDS-polyacrylamide gel electrophoresis pattern of hu- 
man plasma endogenous modulator at various stages of puntfi- 
cation. SDS-polyacrylamide gels (10%) were stained with 
Coomassie brilhant blue Each of the lanes represents the 
following. (a) platelet-free plasma; (b) Affigel Blue active 
fraction; (c) concanavalin A-Sepharose 4B active fraction; (d) 
pooled active fractions of Mono Q HR 10/10 column; (e) 
Bio-senies GF-250 active fractions (pooled); (f,g) pooled active 
fractions of Mono S HR 5/5 column (5 and 10 yg each). 
Numbers on the right side represents relative positions of 
molecular mass standards in kilodaltons This electrophoretic 
pattern represents one of several experiments done in an 
identical manner. i 


TABLE II 


EFFECTS OF SELECTED TREATMENTS OF THE 
PURIFIED PLASMA ENDOGENOUS MODULATOR ON 
ITS INHIBITION OF [?H]JIMIPRAMINE BINDING 


Endogenous modulator Percent displacement 
treatment conditions of specific 
(n = 3 experiments) [?Hhmipramine binding 
(mean+5 E) 

Control ° 57.743.9 
Trypsin ” 56 644.7 
Chymotrypsin ” 275440 
Papain ” 0.04 5.1 
Pepsin ° 00448 
Neuramınıdase ° 28444 
25 mM H,S0;, 

(pH 1.8, 80°C, 1 h) | 35.343.2 
Cyanogen bromide ¢ 0.0 + 8.6 


Heat stability (98°C, 10 min) 577439 
Acid stability (pH 1.0, 10 mın) © 478+1.6 


a Control [*Hhmipramine binding assay was done in the 
presence of untreated human plasma endogenous modulator. 
See text for assay conditions. 

> The endogenous modulator was treated with these enzymes 
in a 25:1 w/w ratio for 4 h at 37°C These enzymes were 
further inactivated by heating at 98°C for 10 min 

“ After exposure to acid conditions the pH was adjusted to 7.5 
using dilute NaOH. 

d After treatment with CNBr, the acid and CNBr were removed 
by repeated lyophilization, and the residue was reconstituted 
in the binding buffer 


TABLE IV 
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TABLE III 


AMINO ACID ANALYSIS OF PURIFIED HUMAN 
PLASMA ENDOGENOUS MODULATOR 


Cysteine and tryptophan contents were not estimated Sample 
1 represents purified human plasma endogenous modulator 
and sample 2 1s authentic human a,-acid glycoprotein obtained 
commercially. 


Amino acid Number of resrdues/mol protein * 
sample 1 sample 2 
Asp 43 45 
Thr ” 33 34 
Ser ° 15 16 
Glu 68 66 
Pro 11 13 
Gly 16 16 
Ala 18 18 
Val 14 14 
Met 2 2 
Ile 19 19 
Leu 32 31 
Tyr 22 20 
Phe 21 20 
His 7 7 
Lys 31 29 
Arg 19 17 


3 Based on a molecular mass of 43000 daltons 


> Corrected for destruction during acid hydrolysis by extrapo- 
lating to zero time. 


EFFECT OF THE ENDOGENOUS MODULATOR ON DIFFERENT RECEPTOR SYSTEMS 
Conditions for the the various receptor binding assays are detailed in the Materials and Methods section. 


Percent inhibition at different 
modulator concentration 


Receptor ligand Control binding 
(fmol /mg 
protein) 

Imipramine 

(allosteric, serotonin 

transport) 651+21 

Quinuclidinyl benz:late 

(muscarinic-cholinergic) 666+ 30 

Flunitrazepam 

(benzodiazepine) 48+ 1 

8-OH-DPAT 

(serotonin-1) 255415 

Prazosin 

(a-adrenergic) 1004+10 

TRH 

(peptidergic) 96+ 7 


SuM O 0MM Y OM 
46.2+1.1 70.4411 82.0+0.4 
5.2407 5.5425 19.143.5 
00408 0.0409 0.0411 
8843.4 17340.4 24.8+0.5 
13418 149417 258444 
0.01.0 0041.8 00+15 
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and pepsin, but insensitive to trypsin (Table IJ). sensitive to sialic acid removal by neuraminidase 
In addition, the purified protein was stable to heat as well as cleavage at methionine residues by 
(98°C, 10 min) and exposure to acidic pH condi- cyanogen bromide (Table IT). 
tions (pH 1.0, 10 min). This protein was also Analysis of total amino acid content of this 
204 A 

T 

og | 

aa é 

z á 

Q 1.0 80 2 

N t paa 

as \ s0 ” 

B > 

a \ = 

o \ 40 2 

\ Q 

< 

20 
j 
00 i = 0 
O 20 40 60 80 


ELUTION VOLUME (mL) 





1.0 B 
/ 0.75 
a 
7 
we. 
a” 

Cam] we C atiii 
e i ~ 
7 50 | Hos | 
I x I À 
č i Pa : 40 L 
o 0.5 P f- = 
© L Z =< 
N s ~ © 
; n \ aa oo 

So a ' 

o A l 4 20 = 

r è $ 

Gradient Pa l \ < 

start Pa | \ 10 
LZ YS 
Da / 
0.0 i carapace ag wi Ws = 0 0.0 
O IO 20 30 


ELUTION VOLUME (mL) 


Fig 6 (A) Rechromatography of the punfied human plasma endogenous modulator on a Bio-series GF-250 column. The purified 
fraction from the Mono $ HR 5/5 column (approx. 230 umts of activity) was processed for rechromatography on a Bio-series 
GF-250 column (21225 cm, 1 mi fractions; flow rate, 2 ml/min) using 200 mM sodium phosphate buffer (pH 7 4) as an eluent. 
( ) protein; (@------ @) activity. This chromatographic profile represents one of several experiments done in a similar manner 
(B) Rechromatography of the purified human plasma endogenous modulator on a Mono S HR 5/5 column. The purified fraction 
from a Mono S HR 5/5 column (approx. 90 units of activity) was processed for rechromatography on the same column under 
identical conditions (1 mi fractions; flow rate, 1 ml/min. ( ) protein; (O------ ©) activity. This chromatographic profile 
represents one of several experiment done in a similar manner. 
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Fig. 7 Immunological cross-reactivity of human a,-acid glyco- 
protein antibody to human endogenous modulator. 
Immunofixation gel of (1) purified human plasma endogenous 
modulator (approx. 0.4 pg) and (2) authentic human a,-acid 
glycoprotein (approx 04 pg). This immunofixation gel repre- 
sents one of several experiments done in an identical manner. 


modulator protein and human a,-acid glycopro- 
tein is presented in Table III. Both the isolated 
protein and human a,-acid glycoprotein show close 
similarity in the number of residues/mol of pro- 
tein. Both these: proteins contain a relatively high 
content of the acidic amino acids, aspartic acid 
and glutamic acid. 

Examination of immunological cross-reactivity 
of rabbit a,-acid glycoprotein antibody with the 
purified modulator and authentic human a,-acid 
glycoprotien is represented in Fig. 7. Both pro- 
teins displayed a single reactive band of identical 
mobility in this immunofixation gel. 

Equilibrium binding of [*H]imipramine to the 
purified endogenous plasma modulator was per- 
formed using both equilibrium dialysis and gel 
filtration. Less than 6% (10-18 pmol [?H]im- 
ipramine/ mol protein) of the total ligand con- 
centration in the standard assay mixture was ob- 
served to bind the endogenous protein at 4°C 
using both techniques (data not shown). 

Photo-crosslinking 2-[*H]nitroimipramine to 
human platelet membranes was found to label a 
protein of 30000 daltons which was specifically 
displaced by excess cold fluoxetine, confirming 
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our previous report [35]. Inclusion of the purified 
plasma modulator protein in the photo-crosslink- 
ing reaction mixture inhibited the crosslinking of 
2-[?H]nitroimipramine to the 30000 dalton pro- 
tein. In addition, 2-[?H]nitroimipramine did not 
photo-crosslink with purified endogenous modula- 
tor protein (data not shown). 


Effect of purified modulator on various receptor 
systems 

The specificity of this purified protein was de- 
termined by observing its effects on various (re- 
ceptor) binding sites (Table IV). Apart from im- 
ipramine binding or the serotonin uptake process, 
this purified protein had modest to minimal ef- 
fects on other receptor systems tested. Scatchard 
analysis of platelet [*H]imipramine saturation iso- 
therms (Fig. 8) in the presence of 5.6 uM purified 
protien yielded a K, of 7.5 + 0.8 nM and B.,,.. of 
1258 + 205 fmol/mg protein (n = 3). In contrast, 
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Fig. 8 Scatchard analysis of platelet [*H]imipramine ({7 HJIM)) 
binding saturation isotherms in the presence of purified human 
plasma endogenous modulator. Each data point represents an 
average of triplicate determinations in a single experment. 
(© ©) control: Ka 2.9 nM, Bmax 1298 fmol/mg protein; 
(a 4) plus 56 uM purified human plasma endogenous 
modulator: Ky 8.8 nM, Bmax 1362 fmol/mg protem. The 
mean + S.E. values for Ky and Bmax derived from three exper- 
ments are given in the result section 
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Fig. 9 Effects of increasing concentrations of endogenous 
modulator on human platelet [*H]serotonin uptake and 
(?Hhmipramune binding Each data point represents the mean 
+§.E. value of five separate experiments for [*H]serotonin 
uptake and four separate experiments for [?H]imiprammne 
binding done 1n triplicate 


control binding yielded a K, of 2.2 + 0.4 nM and 
B nox Of 1226 + 142 fmol/mg protein (n = 3). The 
observed 3-fold increase in K, without alteration 
of the B a value by the presence of the purified 
modulator protein suggests a competitive type of 
inhibition. An IC, value of 5.8 uM and Hill 
coefficient of 1.4 were determined for the endoge- 
nous modulator by competition in the [?H]im- 
ipramine binding assay. The Hill coefficient greater 
than unity may reflect positive cooperativity or 
allosterism. 

The effects of the purified endogenous modula- 
tor on [*H]imipramine binding and serotonin up- 
take are shown in Fig. 9. The binding of [° H]im- 


ipramine to human platelets was almost com- 
pletely inhibited by the isolated endogenous mod- 
ulator protein at concentrations approaching 
40-60 uM. In contrast, similar concentrations of 
the endogenous modulator increased the rate of 
[*H]serotonin uptake into human platelets (EC,, 
= 7 uM) with a maximum stimulation of about 
30%. Unlike the effects of platelet-free plasma on 
[?H]serotonin uptake, the purified modulator only 
enhanced the uptake process. Thus, in crude 
plasma, there probably is another component 
which inhibits [*H]imipramine binding and re- 
duces [’ H]serotonin uptake. 


Discussion 


The present report describes the isolation of an 
endogenous modulator from human plasma which 
inhibits imipramine binding to whole platelets or 
membranes and enhances serotonin uptake in 
platelets. Through a series of affinity, ion ex- 
change and gel permeation chromatographic pro- 
cedures, the protein was purified and appeared to 
be homogeneous by SDS-polyacrylamide gel elec- 
trophoresis and rechromatography on gel permea- 
tion and cation exchange columns. A molecular 
mass of 42700 daltons obtained for this modula- 
tor under denaturing conditions of SDS-poly- 
acrylamide gel electrophoresis is in close agree- 
ment with the value obtained by Bio-series GF-250 
gel permeation chromatography (46000 daltons), 
suggesting that this modulator is a single poly- 
peptide. 

Attempts to purify and/or determine the iso- 
electric point of this protein by chromatofocusing 
on a Mono P HR 5/20 column was unsuccessful 
due to its extreme acidic nature (p7 <3). The 
acidic nature may be partly due to sialic acid 
residues associated with this macromolecule. 
Treating this protein with neuraminidase or 0.025 
N H,SO, to desialate resulted in a slightly faster 
migration on SDS-polyacrylamide gel electro- 
phoresis (M, 38000-40000) (data not shown). 
Studies are under way to estimate the total sialic 
acid content of this protein. 

The proteinaceous nature of this plasma mod- 
ulator was established by its sensitivity to various 
proteinases (chymotrypsin, papain, pepsin) as well 
as by cleavage at methionine residues with 


cyanogen bromide. Since desialysation by neur- 
aminidase or acid treatment abolished / reduced 
the inhibitory activity in the [> H]imipramine bind- 
ing assay, Sialic acid residues probably play a key 
role in the maintenance of activity. Part of this 
protein’s unique. nature is its stability at elevated 
temperature (98°C). This effect may be due to 
stabilization by associated carbohydrates. Treat- 
ment of this protein with trypsin resulted in 
negligible loss of activity, which could be due 
either to its resistance to tryptic digestion or to 
generation of an active tryptic peptide. Analysis of 
such a situation has not yet been carried out. 

Apart from the inhibition of [?H]imipramine 
binding and stimulation of serotonin uptake in 
platelets, this modulator had modest to minimal 
effects on other receptor systems tested, suggest- 
ing a high degree of preference for the serotonin 
transporter complex. The presence of the endoge- 
nous modulator resulted in increased total sero- 
tonin uptake, without affecting non-specific 
serotonin uptake (determined in the presence of 
10 uM fluoxetine, a specific serotonin uptake in- 
hibitor). Therefore, the stimulation of serotonin 
uptake by this endogenous modulator does not 
appear to be a non-specific effect caused by alter- 
ation of the platelet membrane. 

Scatchard analysis of [?H]imipramine binding 
saturation isotherms in the presence of this endog- 
enous modulator showed competitive kinetics. Hill 
analysis of displacement assays revealed an IC., 
in the low micromolar range and Napp of 1.4 
which suggests positive cooperativity or al- 
losterism. The IC,, for the modulator is in the 
physiological concentration range of a,-acid gly- 
coprotein found in human plasma (0.5-1.2 mg/ml) 
[38]. Since previous reports have demonstrated 
that a,-acid glycoprotein can bind [?H]imipra- 
mine at 37°C [39,40], the question arose whether 
the inhibition of [° H]imipramine binding observed 
in the present study was due to depletion or 
chelation of ligand during the binding assay in- 
cubation. Evaluation of this potential effect was 
performed using two different techniques, equi- 
-librium dialysis and gel filtration chromatography. 
Negligible amounts of [? H]imipramine (assayed at 
2 nM [?H]imipramine) were observed to bind to 
this modulator protein at 4°C. Photolabeling of 
the 30000 dalton protein of human platelet mem- 
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branes by 2-[?H]nitroimipramine was found to be 
inhibited by the presence -of physiologically rele- 
vant levels of the purified human plasma endoge- 
nous modulator protein. These experiments in 
conjunction with kinetic analyses suggest a direct 
interaction of this modulator protein with platelet 
membrane site labeled by [? H]imipramine. 

Cross-reactivity to rabbit antibody raised 
against human a@,-acid glycoprotein revealed that 
this isolated protein shares antigenic determinants 
similar to authentic human a,-acid glycoprotein. 
The amino acid content of this modulator protein 
was found to be quite similar to human a,-acid 
glycoprotein. All other characteristics such as 
chromatographic behaviour, electrophoretic mi- 
gration, and various physico-chemical properties 
were found to be quite similar for the modulator 
protein and human a,-acid glycoprotein. Our ini- 
tial attempts to determine the N-terminal amino 
acid sequence of this protein and a,-acid glyco- 
protein using gas phase sequencing were unsuc- 
cessful since both proteins appear to have blocked 
N-terminal residues. 

Several other investigators [19-24] have par- 
tially purified low molecular weight substances 
from rat brain, rat plasma or human plasma which 
inhibit [*H]imipramine binding, and suggested 
their possible roles in modulating serotonin up- 
take. All these low molecular weight substances 
inhibit serotonin uptake [19-24], in contrast to the 
present report. This is particularly noteworthy 
since in previous reports, Wennogle and Meyerson 
[9,10], Meyerson et al. [13] and Briley et al. [12] 
presented evidence that the [?H]imipramine bind- 
ing site is allosterically coupled to the serotonin 
uptake site. This modulator most probably acts at 
the recognition site labeled by [*H]imipramine. 
Occupation of the site by a,-acid glycoprotein is 
likely to activate the serotonin uptake process 
allosterically. 

Whether a,-acid glycoprotein is a modulator of 
the central nervous system serotonin uptake pro- 
cess is currently unknown. Having a molecular 
mass of approximately 43000 daltons, this protein 
probably does not pass through the blood-brain 
barrier. Therefore, synthesis of a,-acid glycopro- 
tein within the brain would be essential for any 
modulatory activity on the brain serotonin uptake 
process. However, no demonstration of the ex- 
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istence of a,-acid glycoprotein within the central 
nervous system has been reported. Thus, though 
a,-acid glycoprotien has demonstrated modulatory 
effects on peripheral serotonin transport, its puta- 
tive effects in the brain remain to be determined. 

The physiological role of a,-acid glycoprotein 
is unclear. Clinical data exist showing increased 
levels of this protein during stress, inflammation, 
malignancy and various hematologic conditions 
[41]. One function of a,-acid glycoprotein may 
relate to the regulation of serum serotonin during 
its diurnal rhythm. It has been known for some 
time that serum serotonin levels display a diurnal 
variation [42]. In addition, circadian rhythms have 
also been observed in serotonin uptake activity, as 
well as [*H]imipramine binding [43—45]. Interac- 
tion of the endogenous modulator with the site 
labeled by [*H]imipramine may participate in the 
variation seen in serotonin levels by altering the 
rate of serotonin taken up into platelets. This 
mechanism may play an important role in blood 
pressure regulation. The significance of this mod- 
ulator as it relates to serotonergic physiology 
awaits further investigation. 
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Cell surface properties are involved in the aggregation process of red blood cells. Using the topo-optical 
toluidine blue reaction, conformational changes of the glycocalyx (main component glycophorin A) were 
found when red blood cells were incubated and fixed in the presence of dextran. Relative differences in 
optical path as a measure of red blood cell membrane anisotropy decreased in relation to dextran 
concentration during fixation. These conformational changes could not be detected by electrophoretic 
measurements. When incubating, fixing and staining red blood cells in the presence of dextran, anisotropy 
decreased only at low dextran concentrations and increased at rising dextran concentrations. This biphasic 
course of differences in optical path seems to be due to different effects of dextran superimposing upon each 
other: (i) a disturbing influence on the spatial order of sialic acid carrying oligosaccharide side chains due to 
H-bond interaction, and (ii) an increase in the size of dye aggregates and suppression of the thermal motion 
of macromolecules at higher dextran concentrations. 


Introduction 


The aggregation process of red blood cells is 
based on a balance of energies between the cells. 
This balance involves bonding energies resulting, 
e.g., from dextran adsorption, van-der-Waals elec- 
trodynamic energy, free energy from changes of 
viscoelastic energy, electrostatic energy resulting 
from negative charges on the red blood cell surface, 
and steric energy [1,2]. It was assumed that elec- 
trostatic forces are dominant in stabilizing red 
blood cells in suspensions [1,10-—13]. Theoretical 
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calculations of electrostatic repulsive forces [2,9] 
show that these forces are rather small. They 
cannot be responsible alone for the fact that the 
red blood cells do not aggregate in the absence of 
macromolecules under isotonic conditions [5,14]. 
The properties of the cell surface coat seem to 
play an important role in the interaction process 
of cells, since the glycocalyx responds very sensi- 
tively to variations of the suspension medium by 
changes of its structure [2—8]. 

In the presence of dextran, red blood cells show 
molecular weight and concentration-dependent 
aggregation [1,10] as well as an increase of the 
effective electrophoretic mobility nu/n, with ris- 
ing dextran concentration (y and mp, viscosity of 
suspending medium with and without dextran, 
respectively; p, electrophoretic mobility). This 
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cannot be explained by volume exclusion effects 
alone [9]. Conformational changes of the glyco- 
calyx should also be taken into consideration. 

Quantitative calculations of the interaction en- 
ergy between red blood cells presuppose know- 
ledge of the structural arrangement of macromole- 
cules on the cell surface. The extracellular segment 
of glycophorin A represents the major constituent 
of the glycocalyx [16] and carries about 70% of the 
sialic acid and 50% of the carbohydrates of the 
carbohydrates of the human erythrocyte glyco- 
calyx [17]. 

By means of topo-optical toluidine blue reac- 
tion [18-20] information is available about the 
spatial order of the sialic acid residues. Cationic 
dye molecules are used to detect anionic groups in 
metachromotropic structures. In the case of the 
red blood cell membrane, the sialic-acaid residues 
of N-terminal hydrophilic domains of glycophorin 
A are the main target structures for toluidine blue 
reaction. Radial birefringence is caused by forma- 
tion of staple-like dye aggregates, with a prefer- 
ence for ordered dye micelles [21,23]. Prerequisite 
to the formation of such uniformly ordered dye 
micelles is the existence of a corresponding degree 
of spatial order of toluidine blue binding sialic-acid 
residues. A structural model of the N-terminal, 
extracellular glycophorin A segment was deduced 
from determinations of the secondary structure of 
this glycopeptide segment [24]. This model in- 
cludes experimental findings about the influence 
of pH and ionic strength of topo-optical reaction 
{8,17,24], electrophoretic mobility [3,9,25], artifi- 
cial aggregation behaviour of red blood cells [5,26] 
and cell-glass surface-adhesion distance deter. 
mined by interference-reflection microscopy [27]. 
The supposed spatial structure of the extracellular 
glycophorin A segment could be stabilized by 
H-bonds and Ca’*/Mg?t-bridges between the 
saccharide chains of glycophorins and inter- 
penetrating minor glycoproteins and gangliosides 
[5,7,24]. 

Since dextran interacts mainly via H-bonds 
[28,29] with the red blood cell membrane, it should 
disturb the spatial order of carbohydrate side 
chains with their terminal sialic-acid residues of 
the extracellular glycophorin A segment. It is the 
aim of this paper to study possible structural 
changes of glycophorin A caused by dextran by 
means of the topo-optical toluidine blue reaction. 
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Material and Methods 


Red blood cell preparation 

Red blood cells from human citrate-dextrose- 
adenine-guanosine (ACD-AG) whole-blood pre- 
serves stored for 0-2 days at 4°C were washed 
three times with 9 vol. of 67 mM phosphate buffer 
(pH 7.4, 300 mosmol with NaCl; phosphate 
buffered saline) at 20°C, once in dextran-phos- 
phate buffered saline (dextran concentrations 0.5, 
1, 3, 6, 8, 10 g/dl and mean molecular weights 
40000, 75000 (Serva dextran 32, dextran 75) and 
500000 (Pharmacia dextran 500), and finally 
resuspended at a hematocrit of 30% in the same 
dextran-phosphate buffered saline solutions. 1 ml 
of the red blood cell suspension was mixed with 9 
ml glutaraldehyde-phosphate buffer (1g/dl 
glutaraldehyde (Merck); 67 mM phosphate buffer 
(pH 7.4), 300 mosmol) and fixed for 30 min at 
20°C. The glutaraldehyde solutions contained 
several concentrations and molecular weight frac- 
tions of dextran. After fixation the red blood cells 
were washed three times either in phosphate 
buffered saline to wash out the dextran or in 
dextran-phosphate buffered saline. Control cells 
were washed and fixed in the same way but without 
dextran in any solution. 


Topo-optical staining procedure 

Air-dried smears of fixed red blood cell speci- 
mens were stained with toluidine blue O (C.I. 
52040, Merck) in (a) phosphate buffered saline or 
(b) dextran-phosphate buffered saline for 7 min. 
The toluidine blue-stained smears were rinsed with 
a solution containing 2 g/dl potassium fer- 
ricyanide and 2 g/dl potassium iodide (a) without 
and (b) with dextran, respectively. The smears 
were coated with thin films of gum arabic supple- 
mented with 2 g/dl potassium ferricyanide and 2 
g/dl potassium iodide. For cell birefringence anal- 
ysis (A = 475 nm) six different preserves contain- 
ing 100 red blood cells each were included (micro- 
scope Amplival Pol-d, Carl Zeiss, Jena). In case 
(c), the red blood cells were washed and fixed like 
control cells but stained as in case (b). Table I 
gives details of the red blood cell preparations 
used for birefringence. 


Electrophoretic investigations 
Red blood cells were treated as described under 
“Red blood cell preparation’ and resuspended in 
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TABLE I 


REGIME OF PREPARATION OF RED BLOOD CELLS 
WITH RESPECT TO THE USE OF DEXTRAN DURING 
FIXATION AND STAINING, RESPECTIVELY 


Regime Glutaraldehyde Tolhuidine blue 
fixation Staining 

a with dextran without dextran 

b with dextran with dextran 

c without dextran with dextran 

control without dextran without dextran 


phosphate buffered saline as well as in dextran- 
phosphate buffered saline at a hematocrit of 0.1% 
(for details see Table IT). Electrophoretic mobility 
was determined with an Opton cytopherometer 
(Zeiss, Oberkochen). 25 cells per specimen were 
measured in both directions at 25°C in accor- 
dance with the procedure given by Donath and 
Lerche [3]. Glutaraldehyde-fixed red blood cells 
served as control cells, and non-fixed red blood 
cells as normal cells. 


Spectrophotometric measurement 

The influence of dextran on the formation of 
dye aggregates was investigated using a Specord 
double beam spectrophotometer (Carl Zeiss, Jena) 
in the range between 400 and 600 nm. Toluidine 
blue concentration was 1 mg/dl in phosphate 
buffered saline containing from 1 g/dl to 10 g/dl 
dextran 75. Reference solutions were correspond- 
ing dextran-phosphate buffered saline solutions 
without toluidine blue. 


Results 


In the absence of dextran, red blood cells ex- 
hibit intensive topo-optical toluidine blue staining. 
Polarization-optical analysis between crossed 
polars with linearly polarized light showed radial 
positive sphericities. The value of anisotropy (dif- 
ferences in optical path) was 19.74+2.5 nm. 
Reduced intensities of birefringence patterns (dif- 
ferences in optical path) have been found upon 
fixing the red blood cells in the presence of dex- 
tran, but staining with dextran-free solution (Fig. 
1). Differences in optical path of red blood cells, 
dependent on dextran concentration, during the 





.ig 1. Topo-optical blue staining reaction of glutaraldehyde- 
fixed human red blood cells. Micrograph made between crossed 
polars (magnification X 300). (A) Control cells. (B) Red blood 
cells fixed ın the presence of 10 g/dl dextran 75, and stained in 
the absence of dextran 


incubation and fixation procedure relative to con- 
trol cells is shown in Fig. 2 for dextran 32, dextran 
75 and dextran 500. In the range from 0 to 1 g/dl 
dextran a pronounced decrease of the differences 
in optical path can be seen, but a further decrease 
of is much slower from 3 to 10 g/di for all three 
dextran specimens investigated. There are no sig- 
nificant differences between the relative dif- 
ferences in optical path of dextran 32, dextran 75 
and dextran 500, respectively, but compared with 
the control differences in optical path the reduc- 
tion was always significant (P = 0.001). 

In contrast with the results obtained by topo- 
optical staining with dextran-free toluidine blue 
solutions (Fig. 2), the induced toluidine blue ani- 
sotropy after staining red blood cells in the pres- 
ence of dextran exhibits a less pronounced de- 
crease for low dextran concentrations, reaching a 
minimum and increasing again at higher dextran 
concentrations (Fig. 3). The dependence of optical 
path differences on dextran concentration is simi- 
lar for both dextran 32 and dextran 500, but there 
are quantitative differences. In the case of dextran 
32, the change in the differences in optical path is 
not significant for 1 g/dl and 3 g/dl in compari- 
son with control, but for concentrations higher 
than 3 g/dl it is significantly higher than for 
control cells. Staining red blood cells in the pres- 
ence of dextran 500 leads to a significant decrease 
in the differences in optical path at low dextran 
concentrations compared with control. On increas- 
ing the dextran 500 concentration, the difference 
in optical path rises too, reaching the level of 
control cells at dextran concentrations of about 
about 8 g/dl. ! 
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Fig. 2, Mean values and S D. of differences in optical path 
relative to control cells ın relation to dextran (Dx) concentra- 
tion ım the bulk phase dunng red blood cell fixation with 
glutaraldehyde Red blood cell staining in the absence of 
dextran. 
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Fig 4. Mean values and S.D. of relative differences in optical 
path for different red blood cell preparations im relation to 
dextran 75 (Dx) concentration: v, fixation without dextran and 
toluidine blue staining of red blood cells with dextran, D, 
fixation and toluidine blue staining of red blood cells ın the 
presence of dextran 


The red blood cells fixed in glutaraldehyde- 
phosphate buffered saline (without dextran) show 
a steady increase of anisotropy after staining with 
toluidine blue solutions containing an increasing 
amount of dextran 75. The concentration-depen- 
dent course of the differences in optical path for 
red blood cell preparations fixed in either the 
presence or absence of dextran, and then stained 
with toluidine blue in the presence of dextran, are 
shown in Fig. 4. 

The results of electrophoretic measurements are 
listed in Table II. The effective mobility of normal 
red blood cells is about 8% less than that of red 
blood cells after glutaraldehyde fixation (control). 
Control cells and red blood cells fixed in the 
presence of dextran 500 followed by several wash- 
ings in phosphate buffered saline show no signifi- 
cant differences of mobility in phosphate buffered 
saline. In dextran-phosphate buffered saline (8 
g/dl) the effective mobility of normal red blood 
cells is significantly higher than that of control 
cells. Differences between control red blood cells 
and dextran-treated red blood cells proved not to 
be significant. 

For cases (b) and (c) (see Table I), the interac- 
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TABLE II 


EFFECTIVE ELECTROPHORETIC MOBILITY, n/n. (107? pm/s PER V/m) OF RED BLOOD CELL WITHOUT 
GLUTARALDEHYDE FIXATION AND AFTER FIXATION IN GLUTARALDEHYDE IN THE PRESENCE AND AB- 


SENCE OF DEXTRAN 500 (T = 25.0+0.1°C) 


Data represent mean values and S.D of six different samples containing 25 red blood cells each 


Phosphate buffered saline Dextran (8 g/dl) 
Normal red blood cells 0.98 +0.03 3.514007 
Glutaraldehyde-fixed red blood cells (control) 1.04+0.04 3.25 + 0.08 
Glutaraldehyde fixation with 3 g/dl dextran 1 06+0 02 ° 

107+003° 
Glutaraldehyde fixation with 10 g/dl dextran 1.05 + 0.03 * 3.30+0.10 

1.054003” 


* Washed three times in phosphate buffered saline 
> Washed five times in phosphate buffered saline. 


10 


O © 
i oO 


Absorbance 
O 
RG 





Wavelength (nm) 


Fig. 5 Spectral absorbance of toluidine blue-dextran-phos- 
phate buffered staming relative to dextran-phosphate buffered 
saline (1 mg/dl toluidine blue). —- —- —, 0 g/dl dextran 75, 
—s—-, 6 g/dl dextran 75; , 10 g/dl dextran 75. 


tion of dextran with the dye molecules must also 
be considered. Photometric investigations show 
(Fig. 5) that the absorbance of toluidine blue-dex- 
tran solutions increased with rising dextran con- 
centration. This could be the result of stronger 
scattering effects due to larger dye aggregates. 
Particularly the fact that the maximum at 586 nm 
increases more than that at 566 nm is an indica- 
tion of larger aggregates of dye molecules [23,32]. 
Since these effects are involved for both case (b) 
and case (c) of red blood cell staining, their rela- 
tion to each other should not be influenced. 


Discussion 
The changes of measured values of induced 


toluidine blue anisotropy confirm the assumption 
that dextran disturbs the spatial order of the gly- 


cocalyx. Fig. 6A schematically shows the extracell- 
ular glycophorin A segment [24] with its carbo- 
hydrate side chains and their terminal sialic-acid 
residues. Under normal conditions (pH 7.4, 300 
mosmol) the glycophorin A segment is parallel to 
the lipid bilayer of the red blood cell membrane. 
As shown by the experiments of Evans and Kukan 
[30] with liposomes and erythrocytes, dextran 
binds to the lipid membrane. Since dextran 
penetrates the glycocalyx, an expansion of glyco- 
phorin A should be possible [31]. This expansion 
seems to differ according to the fixation procedure 
used. If dextran is present during the fixation with 
glutaraldehyde the linking of glycophorin A is 
only partly possible, due to expansion and/or 
shielding of binding sites by dextran. After wash- 
ing the cells in phosphate buffered saline dextran 
is removed (with no differences of electrophoretic 
mobility) and the extracellular glycophorin A seg- 
ment remains movable. This means that 1ess-ori- 
ented dye micelles can be formed and a reduction 
of the induced anisotropy (a decrease of dif- 
ferences in optical path) can be found. 

If dextran is not removed by washing the cells 
with phosphate buffered saline, a biphasic course 
of anisotropy is obtained which is dependent on 
dextran concentration. For low dextran concentra- 
tions the shielding effect of dextran seems to be 
dominant with respect to its immobilizing effect. 
At high dextran concentrations glycophorin A 
could be stretched, allowing conformations which 
are favourable to the formation of oriented dye 
micelles (Fig. 6C). Additionally, dextran immobi- 
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Fig. 6 Schematic presentation of the hypothetical structural model of the N-terminal hydrophilic segment of glycophorin A 
Disaggregation of red blood cells (RBC) occurs for dextran concentrations in the bulk phase A, normal red blood cells — 7 g/dl; B, 
fixation of red blood cells in the absence of dextran — more than 10 g/dl; C, fixation of red blood cells in the presence of 10 g/dl 


dextran — 8.5 g/dl. GA, glutaraldehyde. 


lizes the glycophorin A segment resulting in an 
increase of the differences in optical path. 

If the red blood cells were fixed in phosphate 
buffered saline and stained in dextran solutions 
(case (c), Table I), the differences in optical path 
steadily increased with rising dextran concentra- 
tions. In this case the immobilizing effect of dex- 
tran dominates. Since the conformation of the 
glycophorin A segment is widely preserved, the 
complete stretching due to dextran seems to be 
impossible (Fig. 6B). The density of dye micelles is 
greater than in the other cases, and therefore the 
difference in optical path is largest. 

The unchanged effective electrophoretic mobil- 
ity of red blood cells treated and fixed in the 
presence of different dextran 500 concentrations 
compared with cells washed and fixed in its ab- 
sence indicates that glutaraldehyde fixation of the 
glycocalyx is obviously incomplete. The small 
number of possible reaction sites for glutaralde- 
hyde, concerning especially glycophorin A subseg- 
ment 1—24 and low-grade secondary structuring, 
makes it probable that this subsegment should a 


priori be movable particularly after glutaralde- 
hyde fixation. Assuming an interfacial rearrange- 
ment in the glycocalyx due to dextran interaction, 
there are two possibilities for electrophoertic mo- 
bility to remain unchanged under normal condi- 
tions: the glycophorin A segment is moved in the 
same plane forming new clusters, or deeper struc- 
tures of glycophorin A are involved. In this con- 
nection it is important to remember that measure- 
ments of anisotropy after topo-optical toluidine 
blue staining G) and of electrophoretic mobility 
(ii) of cells provide information about different 
properties of the red blood cell glycocalyx: spatial 
order of toluidine blue-binding sialic-acid residues 
(i) and spatial density of negative charges of the 
glycocalyx (i). Thus, the disordering effect of 
dextran would change electrophoretic mobility 
only if space-charge density and/or porosity of 
the glycocalyx were altered at the same time. 

The expansion of the glycocalyx at high dex- 
tran concentrations could also explain the disag- 
gregation behaviour of red blood cells. At low 
dextran concentrations the distance between the 
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red blood cell glycocalyces can be bridged by 
dextran molecules. This means that the red blood 
cells aggregate. At high dextran concentrations the 
glycocalyces of red blood cells would penetrate 
each other at the same distance as at low dextran 
concentration. This would lead to high values of 
steric repulsive forces, which cannot be com- 
pensated for by the bridging forces of dextran 
molecules. The result is the disaggregation of red 
blood cells. 

Summing up, a basic structural change of the 
glycocalyx brought about by glycocalyx-dextran 
interaction can be inferred from this study. 
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Assembly of the filamentous phage fd is preceded by the formation of a complex between the viral 
single-stranded (ss) DNA and the virally coded gene 5 protein (gene 5 protein-ssDNA complex). The 
presence of 5 mM dithiothreitol in the growth medium prevents phage production; however, phage infection, 
phage DNA replication and phage genome expression are still observed. In contrast, the gene 5 protein- 
ssDNA complex is not formed in the presence of dithiothreitol in vivo, although the complex is not affected 
by the disulfide reducing agent in vitro. Furthermore, host lipid composition is altered by growth in the 
presence of dithiothreitol. The zwitterionic lipid, phosphatidylethanolamine, increases while the cationic 
phospholipid content, cardiolipin and phosphatidylglycerol, decreases. This suggests a role for lipids or 
membranous structures in the process of gene 5 protein-ssDNA complex formation. 


Introduction 


Bacteriophage fd is a male-specific, single- 
stranded DNA phage closely related to phages 
M13 and fl. Their common hosts are E. col 
strains harboring an F-factor. These phages are 
neither lytic nor lysogenic; infected cells multiply 
while continuing to release progeny phage through 
their membranes. The phage genome codes for ten 
genes [1]. The products of gene 2, gene X and gene 
5 are involved in phage DNA replication [2]. After 
formation of a double-stranded circular superheli- 
cal DNA (RF D by host enzymes, viral plus 
strand synthesis is initiated by gene 2 protein 
which nicks the RF I. Elongation at the 3’-end 
occurs via the rolling circle mechanism [3]. Gene 5 
protein, a phage encoded DNA-binding protein, 
cooperatively associates with the nascent viral 
DNA-strand [4], thus initiating the first step in 
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phage assembly. This nucleoprotein complex may 
be isolated from lysates of fd-infected cells [5] and 
appears to be associated with the cellular mem- 
brane [6]. During the final stages of assembly, 
gene 5 protein is displaced into the cytoplasm 
where it is recycled [5], and the DNA is covered 
with phage coat proteins 8, 3, 6, 7 and 9 before 
emerging outside the cell as a mature phage par- 
ticle. In addition to the coat proteins, morphogen- 
esis also requires the products of genes 1 and 4 
and the presence of the host membrane protein 
thioredoxin [7]. 

Here we show that the disulfide reducing agent 
dithiothreitol inhibits phage morphogenesis at the 
level of DNA-protein complex formation. Our 
studies indicate that the target of dithiothreitol 
inhibition is not a phage component. Rather, 
growth of E. coli in the presence of dithiothreitol 
has an effect on the lipid composition of the host 
cell, suggesting that a particular membrane struc- 
ture or component plays a role in the formation of 
the viral nucleoprotein complex in vivo. 
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Materials and Methods 


Preparation of the gene 5 protein-DNA complex 

Bacteriophage fd and E. coli strain K37 (supD) 
are from our collection. Fd-tet constructed by 
Zacher et al. [8] is a gift of these authors. L-[U- 
4C]Arginine (> 300 mCi/mmol). and [methyl- 
° H]thymidine (> 40 mCi/mmol) were purchased 
from Amersham Buchler, F.R.G. The isolation of 
the gene 5 protein-ssDNA complex from fd-in- 
fected E. coli cells proceeded according to Ref. 9, 
with the following modifications. Cells to be grown 
in the presence of dithiothreitol (Sigma) contained 
5 mmol/l of the freshly dissolved powder in all 
cultivating media. The 10 ml culture containing 
infected cells in minimal medium [13] was doubly 
labeled with 100 pCi [“C]arginine and 150 pCi 
[P H]thymidine. Following an incubation of 90 min 
these cells were mixed with 200 ml of unlabeled 
infected bacteria, collected by centrifugation and 
washed twice to remove unincorporated label and 
phage. The cells were gently lysed with lysozyme, 
cleared, and the gene 5 protein-ssDNA complex 
was pelleted as described [9]. The resuspended 
sample was subsequently layered onto a linear 
10—40% sucrose gradient in a 10 mM Tris-HCl 
buffer (pH 7.6) (1 mM in EDTA and 10 mM in 
NaCl; TEN buffer) and centrifuged at 34000 rpm 
in the Beckman SW40 rotor for 10 h. Fractions 
were collected from the bottom of the gradient 
and the location of the complex was inferred from 
the radioactivity profile. Fractions to be analysed 
were pooled accordingly, dialysed against TEN 
buffer followed by distilled water and lyophilized. 
In cases where the radioactivity did not show well 
separated peaks, the resuspended fractions were 
pooled and purified by sedimentation through a 
second 10-40% sucrose gradient. 


Phospholipid analyses 

Phospholipids from E. coli cells were extracted 
according to Ref. 10 and separated by ascending 
thin layer chromatography on acetone-activated 
silica gel G plates (Merck) in a chloroform/ 
methanol/water (65:25:4, v/v) developing sys- 
tem. Phospholipids were visualized and identified 
with iodine vapor, phosphate spray reagent [11] 
and ninhydrin spray. Further identification was 
by chromatography with commercial standards 


and by mild alkaline hydrolysis [12]. The 
fractionated lipids were then extracted from the 
silica gel plate with chloroform/ methanol (1: 2). 
This extraction procedure was repeated two times. 
The relative quantities of each phospholipid were 
determined by measuring their inorganic phos- 
phate content [13]. 


Results and Discussion 


Growth of E. coli strain K37 1s slightly affected 
by the presence of dithiothreitol up to a con- 
centration of 5 mM. The generation time due to 
dithiothreitol was increased by approx. 10 min 
and the final concentration of cells after growth 
was reduced by one third. In contrast, the effect of 
dithiothreitol on the production of fd phage in the 
host is drastic. At a concentration of 5 mM, 
dithiothreitol completely inhibited the production 
of progeny phage as measured by the standard 
plaque assay in which case efficiency of plaque 
formation was less than 1076. In addition, no 
phage were precipitated from the culture medium 
with poly(ethylene glycol), ruling out the possibil- 
ity that uninfectious particles are produced. 

To investigate the possibility that dithiothreitol 
might interfere with phage infection, an fd-tet 
phage carrying the genes coding for tetracycline 
resistance [8] was used. E. coli cells grown in the 
presence of 5 mM dithiothreitol and infected with 
fd-tet were screened for their ability to grow on 
LB plates containing 10 ug/ml tetracycline and 5 
mM dithiothreitol. Following a 10 min incubation, 
aliquots from the culture were washed twice and 
diluted with ice cold medium containing 5 mM 
dithiothreitol before spreading. The number of 
transduced colonies formed was the same as the 
number formed from parallel control cultures 
grown and infected with fd-tet in the absence of 
dithiothreitol. Thus, added dithiothreitol does not 
affect phage infection. Furthermore, the fact that 
colonies (containing approximately 20 generations 
of cells) grew on plates containing tetracycline and 
dithiothreitol indicates that the fd-genome must 
have been replicated. 

Since dithiothreitol was shown to prevent phage 
production but not phage infection, we set out to 
determine at what point it interferes in the life 
cycle of fd. E. coli cells were cultured and infected 


with fd in the presence and absence of 5 mM 
dithiothreitol. Sucrose gradients were performed 
from lysates of both cultures in order to study the 
formation of the gene 5 protein-ssDNA complex. 
The sedimentation profiles shown in Fig. la clearly 
show the presenze of gene 5 protein-ssDNA com- 
plex ('*C/*H couble peak in fractions 6-10) in 
cells grown in the absence of dithiothreitol. How- 
ever, this double peak is not observed in the 
profile obtained from cells grown in dithiothreitol 
(Fig. 1b). 

The components of the sucrose gradients shown 
in Fig. 1 were further analysed by electrophoresis 
as described in -he legends to Figs. 2 and 3. The 
double peak in radioactivity in the control sucrose 
gradient (Fig. la fractions 6-10) was shown to 
contain the gene 5 protein-ssDNA complex: anal- 
ysis of the DNA content of these fractions by 
agarose gel electrophoresis showed that viral 
ssDNA was the major DNA species (Fig. 2, lane 
4); and analysis of the protein content by SDS- 
polyacrylamide gel electrophoresis followed by 
immunoprecipitction showed that gene 5 protein 
was the major protein species present (Fig. 3, lane 
2). 
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Fig. 1. Sucrose gradænt centrifugation of the gene 5 protein- 
ssDNA complex. [' C]Arginine and [*H]thymidine labelled 
complex was isolated and purified from equal amounts of cells 
grown and infected n the absence (a) and presence (b) of 5 
mM dithiothreitol æ described in Materials and Methods. 
Fractions of 0.5 ml were collected from the bottom of the 
10-40% (w/v) sucrose gradients. 20 u] aliquots of each frac- 
tion were analysed ix a scintillation counter. (@) '*C activity: 
(a) `H activity. Roman numerals denote the pooling of frac- 


tions for further anaWsis in Figs. 2 and 3. 





Fig. 2. Agarose gel electrophoresis of samples taken from 
sucrose gradients (Fig. 1). Frachons were pooled as indicated 
by roman numerals in Fig. 1. dialysed and concentrated a 
described in Matenals and Methods and quantitatively resus 
pended in buffer containing 10 mM Tris-HCI (pH 8.1) and | 
mM EDTA. Aliquots to be analysed were made up to 1% SDS 
and incubated for 10 min at 60°C. After addition of 174 vol 
0.125% bromphenol blue and 20% glycerol, DNA samples were 
subjected to electrophoresis through 1% agarose gels in buffer 
containing 40 mM Tris-acetate (pH 8.2) 20 mM sodium acetat 
and 1 mM EDTA. DNA staining was done with | ug/ml 
ethidium bromide and visualized by ultraviolet light. Lanes: | 
fd RF I and II standards: 2, fd ss standard: 3-6, zones I-IV 
9, peaks I—II1 from the 


sucrose gradient in Fig. 1b. RF I, supercoiled replicative form 


from the sucrose gradient in Fig. la; 7 


RF II, nicked replicative form; SSC. single-stranded closed 
SSL, single-stranded linear. Linearization was at least partly 
caused by lyophilization and storage 


Similar analysis of the cytoplasm from cells 
infected in the presence of dithiothreitol revealed 
that neither gene 5 protein nor fd ssDNA were 
contained in the equivalent fractions of the sucrose 
gradient. Gene 5 protein, however, was present in 
the uppermost fractions of the gradient (Fig. 3. 
lane 8) as well as in whole cell lysates of cells 
grown in dithiothreitol. This indicates that gene 5 
protein is synthesized, however formation of the 
gene 5 protein-ssDNA complex is inhibited by the 
presence of dithiothreitol, While the smaller 
amounts of gene 5 protein observed in dithio- 
threitol-treated cultures could possibly account for 
the lack of complex formation, a substantial re- 
duction in the total amount of gene 5 protein in 
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Fig. 3. SDS-polyacrylamide gel electrophoresis of samples from 
the sucrose gradients (Fig. 1). Fractions were pooled. dialysed, 
lyophilized and resuspended in 10 mM Tris-HCl (pH 8.5) to 
the volume of one fourth the original sucrose gradient fraction. 
One tenth of the resulting volume was applied and run on 
12.5% acrylamide, 8 M urea gels as described in Ref. 22. The 
gel was subjected to western blotting according to Ref. 23 
using antibodies directed against gene 8 and gene 5 proteins 
(g8p, g5p) before silver staining as in Ref. 24. Lanes 1—4, zones 
I-IV from the sucrose gradient in Fig. la; lane 5, iselated gene 
5 and gene 8 proteins standards: lanes 6-8, zones I-II from 
Fig. 1b. All bands which migrated to the marked gene 5 and 
gene & protein position were verified to be these proteins 
through western blotting (nitrocellulose sheets not shown) 


dithiothreitol-treated cells is to be expected in 
light of the observation that no complex was 
formed in these cells. The pool of gene 5 protein is 
carefully regulated and only when it is bound to 
the viral DNA is it found in substantial amounts 
within the cell [14]. Furthermore. it should be 
emphasized that synthesis of single stranded DNA 
and therefore complex formation normally occurs 
in the cell shortly (4 min) after infection. At this 
time, the amount of accumulated gene 5 protein is 
also low [15]. Thus the cooperative nature of the 
bonding of ssDNA to gene 5 protein [4] enables 
complex formation even at low gene 45 protein 
concentrations. In addition to gene 5 protein, 
comparable amounts of gene 8 protein were ob- 
tained from both dithiothreitol-grown and control 
cultures, indicating that expression of phage pro- 
teins is not impaired by the reagent. 

Analysis of the DNA content of whole cell 
lysates showed that the phage replicative form is 
indeed present within infected cells grown in the 
presence of dithiothreitol, although to a lesser 








Fig. 4. Electrophoretic analysis of the RF DNA from infected 
whole cell lysates grown in the presence and absence of 5 mM 
dithiothreitol Log phase cells were infected with phage fd 
(multiplicity of infection, 50) and grown (in the presence of 30 
ug/ml chloramphenicol) under moderate aeration at 37°C for 
90 min. Equal amounts of cells were harvested and their phage 
replication form DNA extracted according to the rapid al- 
kaline extraction procedure described in Ref. 25. Lane 1: 10 ul 


from control lysates containing the DNA from approx. 107 
cells: lane 2: 1.2 pg replicative form DNA purified through 
CsCl gradient; lane 3: as in lane 1, from dithiothreitol-treated 


cells. 


degree than that found in control cultures (Fig. 4). 
On the other hand, only trace amounts of viral 
ssDNA were seen in cells infected and grown in 
dithiothreitol. This latter observation is to be ex- 
pected since nascent viral strands are only stable 
when they are protected by the binding of gene 5 
protein [2]. Likewise, the absence of complex for- 
mation can also explain the decreased amounts of 
replicative form DNA observed in dithiothreitol- 
treated cultures (which could be an additional 
cause for the decrease in viral strand synthesis). 
Gene 5 protein has been shown to repress the 
translation of the protein coded for by genes 2 
and X [16]. In the case of dithiothreitol-grown 
cells, if the rapidly synthesized gene 5 protein is 
not bound to the emerging DNA, its accumulation 
would cause the repression of gene 2 (and gene X) 
proteins. This in turn would result in a decrease in 
phage DNA replication and hence fewer repli- 
cative form DNA copies per cell. 

It is also improbable that gene 2 protein (con- 
taining five Cys residues) is the target of dithio- 
threitol’s reducing activity, since experiments done 
in vitro demonstrating the endonuclease and ligat- 
ing activities of this gene product (both functions 


being prerequisites for complex formation) have 
also been performed in the presence of mercapto- 
ethanol [17]. Similarly, the morphogenesis proteins 
coded for by genes 1 and 4 are not likely targets 
for dithiothreitol’s action, since gene 5 protein- 
ssDNA complex has been detected in cells in- 
fected with phage particles carrying mutations in 
these genes [9]. 

To ensure that dithiothreitol does not affect the 
stability of the complex itself, the following ex- 
periment was performed. Isolated, radioactively 
labeled complex was incubated with 5 mM di- 
thiothreitol at 37°C for 1 h and subsequently 
sedimented through a sucrose gradient as de- 
scribed in the legend to Fig. 1. The radioactivity 
profile obtained was the same as seen in Fig. la. 

The results presented thus far indicate that 
dithiothreitol does not prevent any essential pro- 
cess (i.e., phage DNA replication, genome expres- 
sion, protein synthesis) required to occur prior to 
complex formation. In the presence of -dithioth- 
reitol the products of both genes 2 and 5 are 
present — the only viral proteins necessary for 
complex formation [9]. No other host component 
is mandatory for complex formation as ascer- 
tained from in vitro complex formation experi- 
ments [4]. However, it should be mentioned that 
several structural distinctions exist between com- 
plex found in vitro and in vivo [5], suggesting that 
the location of complex formation is important. In 
this regard, it has already been established that the 
products of genes 2 and 5 as well as the phage RF 
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DNA and gene 5 protein-ssDNA complex itself 
have all been found associated with the cell en- 
velope [6]. Therefore, we decided to study the 
effect of dithiothreitol on E. coli membrane lipid 
composition. 

Table I shows the results obtained from experi- 
ments measuring the phospholipid content of cells 
grown and infected in the presence and absence of 
dithiothreitol. Infection caused a relative decrease 
in phosphatidylethanolamine content as compared 
to uninfected cultures, an observation previously 
reported by other laboratories [18,19]. In contrast, 
E. coli grown in the presence of dithiothreitol had 


_ a significantly higher phosphatidylethanolamine 


content. Cells containing this dithiothreitol-altered 
lipid composition did not show the phage-media- 
ted decrease in phosphatidylethanolamine content 
but rather the higher dithiothreitol-related phos- 
phatidylethanolamine content. This dithiothreitol- 
related increase in phosphatidylethanolamine at 
the expense of the anionic lipids phosphatidyl- 
glycerol and cardiolipin in the E. coli membrane 
would lead to a difference in the ratio of zwit- 
terionic phosphatidylethanolamine to anionic 
phosphatidylglycerol and cardiolipin lipid content. 
The reason for putting the emphasis on anionic or 
zwitterionic content stems from a report [20] in 
which it was demonstrated that the surface and 
consequently binding properties of the E. coli 
membrane are not dependent on the exact chem- 
ical structure of the phospholipid polar head group, 
but rather on its physical properties. More specifi- 


PHOSPHOLIPID COMPOSITION OF E. COLT GROWN IN THE PRESENCE AND ABSENCE OF DITHIOTHREITOL AND 


PHAGE fd 


Results are expressed as percentage of total phospholipids. Values represent an average of 12 individual inorganic phosphate 
determinations from three different preparations. PE = phosphatidylethanolamine; PG = phosphatidylglycerol; CL = cardiolipin. 


Percent Percent 
zwitterionic anionic 
(PE) (PG+CL) 
Control 
uninfected 75.6 22.3 
infected 71.8 26.8 
+ dithiothreitol 
uninfected 80.6 17.9 
infected 81.4 16.7 


Percent Zwitterionic/ 
other anionic lipids 
2.1 3.4 
1.4 2.7 
1.5 4.5 


1.9 4.9 
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cally it shows that the ratio of anionic to zwit- 
terionic phospholipids is more relevant than the 
concentration of any particular phospholipid in 
the insertion of fd gene products into the cellular 
membrane. Because the effect of dithiothreitol on 
host cell lipids is seen in both infected and unin- 
fected cells, the possibility that inhibition of phage 
assembly causes the observed membrane alter- 
ation can be ruled out. 

In conclusion, the disulfide reducing agent has 
been shown to specifically inhibit fd phage assem- 
bly, probably by causing changes in the host mem- 
brane lipid composition. Whether the inhibitory 
effect of dithiothreitol 1s due exclusively to dis- 
turbances in the membrane, which in vive prob- 
ably serves as an organizing surface on which the 
necessary phage and host components are brought 
together, or whether dithiothreitol exerts an ad- 
ditional effect on some other components, is cur- 
rently being studied in this laboratory. Other 
potential candidates are the protein necessary for 
producing the proton gradient across the cell 
membrane which has been shown to be necessary 
for fd phage assembly [21] or the redox enzyme 
thioredoxin which also plays a role in assembly 
[7]. In any case, dithiothreitol should prove to be 
helpful in elucidating the mechanism of fd phage 
assembly and perhaps also other membrane-in- 
volved assembly processes. 
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Aminopeptidase M (EC 3.4.11.2), which can degrade low molecular weight opioid peptides, has been 
reported in both peripheral vasculature and in the CNS. Thus, we have studied the metabolism of opioid 
peptides by membrane-bound aminopeptidase M derived from cerebral microvessels of hog and rabbit. Both 
hog and rabbit microvessels were found to contain membrane-bound aminopeptidase M. At neutral pH, 
microvessels preferentially degraded low molecular weight opioid peptides by hydrolysis of the N-terminal 
Tyr!-Gly? bond. Degradation was inhibited by amastatin (J, = 0.2 uM) and bestatin (10 uM), but not by a 
number of other peptidase inhibitors including captopril and phosphoramidon. Rates of degradation were 
highest for the shorter peptides (Met*- and Leu’-enkephalin) whereas 8-endorphin was nearly completely 
resistant to N-terminal hydrolysis. A,, values for the microvascular aminopeptidase also decreased signifi- 
cantly with increasing peptide length (K,,=91.34+4.9 and 28.9+3.5 uM for Met*-enkephalin and 
Met*-enkephalin-Arg®-Phe’, respectively). Peptides known to be present within or in close proximity to 
cerebral vessels (e.g., neurotensin and substance P) competitively inhibited enkephalin degradation (K, = 
20.4 + 2.5 and 7.9 + 1.6 pM, respectively). These data suggest that cerebral microvascular aminopeptidase 
M may play a role in vivo in modulating peptide-mediated local cerebral blood flow, and in preventing 
circulating enkephalins from crossing the blood-brain barrier. 


Introduction low molecular weight opioid peptides [6], it is not 


known whether such metabolism occurs in micro- 


Opioid peptides may be involved in peripheral 
regulation of cardiovascular function [1]. Al- 
though capable of affecting vascular tone directly 
[2], they probably act more commonly through 
indirect mechanisms such as reducing transmitter 
release from sympathetic nerve terminals in the 
vessel wall [3]. Thus, the capacity of vasculature to 
degrade opioid peptides could have important 
physiologic significance [4]. 

We have previously found that a surface mem- 
brane fraction purified from large porcine blood 
vessels contains aminopeptidase M (EC 3.4.11.2) 
[5]. Although aminopeptidase M can metabolize 


Correspondence: Dr. P.E. Ward, Department of Pharmacol- 
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vasculature. Since membrane-bound aminopepti- 
dase M is present in the CNS [7], and opioid 
peptides can alter cerebral vascular tone [2,8,9], 
we examined opioid peptide metabolism by iso- 
lated hog and rabbit cerebral microvessels. 


Materials and Methods 


Materials 

All opioid and neurotensin peptides, leucyl-7- 
amido-4-methylcoumari, leucyl-4-methoxy-2- 
naphthylamide, y-glutamyl-2-naphthylamide, o- 
phenanthroline, bestatin, amastatin, puromycin 
and phosphoramidon ( N-(a-rhamnopyranosyloxy- 
hydroxyphosphinyl)-L-leucyl-L-tryptophan) were 
obtained from Sigma Chemical Co (St. Louis, 
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MO). Substance P, tetra(1—4)substance P and 
hepta(5—11)substance P were obtained from 
Peninsula Labs (San Carlos, CA). The angiotensin 
I-converting enzyme (EC 3.4.15.1) substrate 
({(?H]benzoyl-Phe-Ala-Pro) and inhibitor 
(captopril) were obtained from Ventrex (Portland, 
ME) and Squibb (Princeton, NJ), respectively. The 
caboxypeptidase N (EC 3.4.17.3) inhibitor 
MERGETPA (DL-mercaptomethyl-3-guanidino- 
ethylthiopropanoic acid) was obtained from 
Calbiochem-Behring (San Diego, CA). The nylon 
sieves used for microvessel isolation were from 
Tetko, Inc. (Elmsford, NY). Antibody to hog and 
rabbit renal brush border aminopeptidase M, ob- 
tained as previously described [5], precipitate 
aminopeptidase M but do not cross-react with 
other renal peptidases including aminopeptidase 
A (EC 3.4.11.7), dipeptidyl (amino)peptidase IV 
(EC 3.4.14.5), neutral endopeptidase (EC 
3.4.24.11), carboxypeptidase P (EC 3.4.12.-) or 
angiotensin I-converting enzyme. All TLC and 
HPLC reagents were obtained as previously de- 
scribed [6]. 


Cerebral microvessel isolation 

Tissues were obtained both frozen (Pel-Freeze; 
Rogers, AR) and from freshly slaughtered hogs 
and rabbits. Whole brains were immersed in cold 
phosphate-buffered saline (rabbit) or in Earle’s 
buffer (pH 7.4) containing 0.1% (w/v) bovine 
serum albumin (hog). Microvessels were prepared 
according to Brendel et al. [10] as modified by 
Selivonchick and Roots [11]. Cortical grey matter 
was minced and homogenized (30 s) in 3 vol. of 
buffer using a Waring blender. The extract was 
then homogenized (Dounce, four strokes), poured 
. through 1000 and 300-micron mesh nylon sieves 
and homogenized a second time. Vessels were 
collected on a 44-micron mesh sieve, centrifuged 
(4000 xg, 10 min) and resuspended (0.25 M 
sucrose). After centrifugation (21000 x g, 45 min) 
on a discontinuous sucrose gradient (1.0 and 1.5 
M), the pellet was freeze-powdered [12], sonicated 
and pelleted (20000 x g, 15 min). Activity was 
measured either directly or after solubilization with 
2% (v/v) Triton X-100. Microvessel purity was 
determined by phase contrast microscopy and as- 
say of y-glutamyltransferase (EC 2.3.2.2) [12]. 


Immunoelectrophoresis . 
Rocket and fused-rocket immunoelectrophore- 
sis of the above detergent-solubilized membrane 

were carried out as described previously [5]. 


Enzyme assays 

y-Glutamyltransferase, aminopeptidase M and 
angiotensin I-converting enzyme activities were 
assayed as previously described [5]. Specific activi- 
ties are expressed as units/mg protein where one 
unit equals the hydrolysis of one nmol substrate 
per min (y-glutamyltransferase, enkephalin hy- 
drolysis), 1% substrate hydrolyzed per min (con- 
verting enzyme) or change in relative fluorescence 
per min (aminopeptidase). Protein was determined 
using bovine serum albumin as a standard [13]. 


Opioid peptide metabolism 

Qualitative analysis of opioid peptide metabo- 
lism was carried out by TLC on MN 300 cellulose 
plates [6]. Quantitative analysis was carried out by 
HPLC as previously described [6]. Where . ap- 
propriate, inhibitors were preincubated with en- 
zyme and buffer (20 min; 37°C) before addition 
of substrate. For pH experiments, a 100 mM 
sodium acetate buffer (pH 4.0—-6.0) or a 100 mM 
sodium phosphate buffer (pH 6.5-8.0) were used. 
For K,, determinations, initial velocity was 
determined at six substrate concentrations 
(12.5~250 uM). Data were plotted according to 
the Lineweaver-Burk method (1/V vs. 1/S) and 
fit to the best straight line. For K, determinations, 
initial velocity was determined at three substrate 
(Met?-enkephalin) concentrations (50, 125 and 250 
uM) in the presence of varying concentrations of 
peptide inhibitors added simultaneously. Data 
were plotted as 1/V vs. [I] and the K, was 
determined graphically. 


Results 


. Isolated microvessels 


Phase contrast microscopy of isolated hog and 
rabbit cerebral microvessel preparations revealed 
intact vessels devoid of non-vascular contamina- 
tion (Fig. 1). Vessels ranged in size from 7 to 70 
microns in diameter and appeared as tangled 
masses exhibiting extensive dichotomous branch- 
ing and numerous bifurcations. At higher magnifi- 





Fig. 1. Phase cont-ast micrographs of isolated hog (A) and 
rabbit (B) cerebral nicrovessels. 


cations, endothelial cell nuclei could be visualized. 

Microvessel purification was determined by 
marker enzyme enrichment (i.e., y-glutamyltrans- 
ferase and ang otensin I-converting enzyme). As 
seen in Table I hog cerebral microvessel y-gluta- 
myltransferase activity (1.9+0.5 nmol/min per 
mg protein) was enriched 12.7-fold over the origi- 
nal homogenate (0.15 + 0.1 units/mg). Similarly, 
microvessel angiotensin I-converting enzyme activ- 
ity (2251+ 45C units/mg) was 16.2-fold higher 
than original homogenate activity (139 + 10 
units/mg). Iso ated microvessels also contained 
significant aminopeptidase activity (leucyl-7- 
amido-4-methylcoumarin hydrolysis). Homo- 
genate and microvessel activities were 1.7 + 0.3 
and 9.8+0.7  inits/mg, respectively (Table I). 
Thus, microvessel aminopeptidase activity was 
enriched, although the extent of enrichment (5.8- 
fold) was somewhat less than that seen for y-glu- 


TABLE I 


DISTRIBUTION OF »y-GLUTAMYLTRANSFERASI 
ANGIOTENSIN I-CONVERTING ENZYME AND 
AMINOPEPTIDASE IN WHOLE BRAIN HOMOGENATI 
AND ISOLATED CEREBRAL MICROVESSELS 


Specific activities are calculated as units/mg protein where one 
unit equals the hydrolysis of one nmol substrate per min 
(y-glutamyltransferase), 1% substrate hydrolyzed per min 
(angiotensin I-converting enzyme) or change in relative fluores 
cence per min (aminopeptidase). Values given are the means + 
S.E. from three experiments. Ennchment is calculated as (mean 
specific activity of microvessels fraction) /(mean specific actiy 
itv of brain homogenate). 





Cerebral Enrichment 


homogenate microvessels 


Enzyme Brain 





y-Glutamyl 





transferase 0.15 +40.1 19405 12.7 
Angiotensin I- 

converting enzyme 139+ 10 2251 +450 16.2 
Aminopeptidase 1.7+0.3 98+0,7 3.8 





tamyltransferase and angiotensin |-converting en- 
zyme. Nevertheless, comparable increases were 
also found in rabbit cerebral microvessels (not 
shown). After centrifugation (20000 x g, 15 min) 
of the freeze-powdered microvessels, more than 
80% of the aminopeptidase activity was detected 
in the pelleted membrane fraction, 


Immunologic analysis 

Purified (Sigma) hog renal aminopeptidase M 
(H-AmM) and solubilized (2% v/v Triton X-100) 
membrane pellet of hog cerebral microvessels (H- 
CMV) were analyzed by fused-rocket immuno- 
electrophoresis. As shown in Fig. 2A, fused, 
rocket-shaped precipitates were visualized with no 
evidence of spurring. Shadowing of the precipitin 
lines resulted from overstaining in an effort to 
detect even minimal spurring. Thus, hog cerebral 
microvessel membrane (but not cytosol; not 
shown) contained an enzyme immunologically 
indistinguishable from renal aminopeptidase M 
Similar experiments with antibody to rabbit brush 
border aminopeptidase M established that the 
rabbit cerebral microvessels (R-CMYV) also con- 
tained an aminopeptidase immunologically indis- 
tinguishable from rabbit aminopeptidase M 
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H- AMM H=CMV 


[Sigma] 


Rabbit AmM 





R-AmM 


R-CMV 
[KBB N 


Fig. 2. Fused-rocket immunoelectrophoresis of detergent- 
solubilized hog aminopeptidase M (H-AmM/Sigma) (A) and 
rabbit kidney brush border aminopeptidase M (R-AmM / KBB) 
(B) with detergent-solubilized hog and rabbit cerebral micro- 
vessel membrane (CMV). After 1 h for diffusion, samples were 
vertically electrophoresed into gel containing anti-hog er anti- 
rabbit aminopeptidase M immunoglobulin at 2 V/cm fer 18 h. 
Precipitin lines were visualized by staining for enzyme activity. 
Vertical arrows indicate areas of fusion. 


solubilized from kidney brush border (R- 
AmM /K BB) (Fig. 2B). 
Rocket-immunoelectrophoretic studies were 
carried out to quantify hog cerebral aminopepti- 
dase M. Solubilized brain homogenate protein (28 
ug) produced only a marginally detectable 
aminopeptidase M preciptin peak (Fig. 3: left 
side). However, the same amount of solubilized 
hog cerebral microvessel protein produced a 
strong, rocket-shaped precipitate (Fig. 3; right 
side), and sequential dilutions produced peak areas 
proportional to the amounts of microvessel pro- 
tein used. As little as 1.7 ug of microvessel protein 
produced a peak approximately twice as large as 
the 28 ug of brain homogenate protein, indicative 
of approximately a 30-fold enrichment of immu- 


pe OR 


28 1.7 3.5 7.0 14 28 vg 
Hom CMV 





Fig. 3 Rocket immunoelectrophoresis of solubilized hog 
cerebral homogenate (Hom; 28 ug) and microvessel membrane 
(CMV. 1.7-28 ug). Samples were vertically electrophoresed 
into gel containing anti-hog aminopeptidase M immunoglobu- 
lin at 20 V/cm for 2 h. Precipitin lines were visualized by 
staining, for enzyme activity. 


noreactive aminopeptidase M in purified micro- 
vessels, The relatively small amount of immunore- 
active aminopeptidase M in brain homogenate 
(compared to the rate of synthetic substrate hy- 
drolysis shown in Table I) indicates that the 
majority of brain homogenate activity may be due 
to aminopeptidases other than aminopeptidase M, 
and $ consistent with the variety of aminopepti- 
dases found within the CNS [14]. 


Enkephalin metabolism-TLC 

Incubation of Met®-enkephalin with the above 
hog (Fig. 4A) or rabbit (Fig. 4B) cerebral micro- 
vessel protein and subsequent separation of 
metabolites by TLC revealed that the peptide was 
rapidly metabolized, producing the N-terminal Tyr 
metabolite within 10-15 min. With longer incuba- 
tion, a second metabolite also appeared (Gly; not 
shown), demonstrating sequential N-terminal hy- 
drolysis. Comparable results were obtained with 
all other opioid peptides tested except for [p- 
Ala*|-Met*-enkephalin, which was resistant to 
N-terminal hydrolysis even during extended 
incubations. Rather, slow carboxyl hydrolysis was 
observed (Phe /Met products) which was inhibited 
by the angiotensin I-converting enzyme inhibitor 
captopril (10 4M). Thus, despite the co-localiza- 
tion ef converting enzyme, enkephalins were pref- 
erentially degraded by hydrolysis of the N-termi- 
nal Tyr'-Gly* bond. Further, these observations 
with extracted microvessel membrane were con- 


Met% Enk 129» Tyr + des! Tyr Enk 
CMV 
Phe a 
~~ Met D 
Tyr 
Gly 
To 5 Tis Tyo Tso Ty20 
MetŽenk Rabbits Tyr + deslTyr'lEnk 
oe Phe 
To Tis T30 Tso h20 T240 


Fig. 4. Metabolism of Met*-enkephalin by hog (A) and rabbit 
(B) cerebral microvessels (CMV) during 120 or 240-min in- 
cubations. Standards include phenylalanine (Phe), methionine 
(Met), tyrosine (Tyr) and glycine (Gly). Reaction metabolites 
and standards were spotted and developed in butanol /acetic 
acid /water (4:1:5) and stained for protein with 0.4% (w/v) 
ninhydrin in acetone. 


firmed even when incubations were carried out 
with freshly prepared intact microvessels. 


Enkephalin metabolism-H PLC 

Cerebral microvessel membrane Met?-en- 
kephalin hydrolysis was directly proportional to 
both time of incubation and amount of microves- 
sel protein used. Activity was optimal at pH 7.0 
and was unaffected by CaCl, (1 mM). Both 
amastatin and bestatin were potent inhibitors with 
I, values of 0.2 and 10 aM, respectively. 
Puromycin was significantly less effective ( Z4 = 90 
uM). Enkephalin degradation was also inhibited 
by both 1 mM EDTA (85%) and 1 mM o- 
phenanthroline (100%). However, inhibitors of 
angiotensin-converting enzyme (captopril), car- 
boxypeptidase N (MERGETPA) and neutral en- 
dopeptidase (phosphoramidon) had no significant 
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effect (less than 5% inhibition at 10 uM final 
concentration). 

Since aminopeptidase M was previously found 
to hydrolyze opioid peptides at different rates [6], 
the metabolism of larger opioid peptides were 
examined. As seen in Fig. 5, a clear relationship 
between rate of N-terminal hydrolysis and peptide 
length was apparent. Met*- and Leu*-enkephalin 
were hydrolyzed at comparable rates, whereas 
Met?-enkephalin-Arg®-Phe’ and Met*-enkephalin- 
Arg®-Gly’-Leu* were hydrolyzed more slowly. 
Hydrolysis of dynorphin (1-10) and dynorphin 
(1-13) was only 20 and 10%, respectively, as fast 
as that of Met*-enkephalin. No significant de- 
gradation of -endorphin was detected. 

This progressive decrease in rat of degradation 
with increasing peptide length was also seen when 
velocities were calculated over a range of substrate 
concentrations of Met*-enkephalin and Met*-en- 
kephalin-Arg®-Phe’. Maximal velocity decreased 
from 65.8+1.8 nmol/min per ml for Met*-en- 
kephalin to 39.3+0.6 units/ml for Met°-en- 
kephalin-Arg®-Phe’ (Table II). Similarly. the K, 
of Met°-enkephalin-Arg®-Phe’ (28.9 + 3.5 uM) for 
the microvascular aminopeptidase was signifi- 
cantly lower than that of Met?-enkephalin (91.3 + 
4.9 uM). Nevertheless, as previously found [6], 
further increases in chain length (i.e., 
dynorphin(1—10) and dynorphin(1—13)) were not 
associated with further changes in K,,, (not shown). 
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Fig. 5. N-terminal hydrolysis of low molecular weight opioid 
peptides (200 4M) by hog cerebral microvessels 
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TABLE I 


KINETICS OF N-TERMINAL HYDROLYSIS OF OPIOID 
PEPTIDES BY HOG CEREBRAL MICROVESSEL 
AMINOPEPTIDASE M AND ITS INHIBITION BY EN- 
DOGENOUS PEPTIDES 


Assays were performed at six substrate concentrations 
(12.5-250 uM). Values given are the means + S.E. or averages 
of two determinations. Neurotensin: pGlu’-Leu*-Tyr*-Glu*- 
Asn’-Lys°®-Pro’-Arg *-Arg?-Pro’’-Tyr'!-Ne!*-Leu!*. Substance 
P: Arg'-Pro*-Lys*-Pro*-Gin’-Gln®-Phe /-Phe*®-Glv?-Leu!®. 
Met! (NH). 


Peptide K m Yas K, 
(pM) (nmol/min (pM) 
per ml) 
Met’-enkephalin 913449 6584+18 _ 
{n= 3) (n= 3) 
Met °-enkephalin- 
Arg®-Phe’ 28.943.5 39.3406 a 
(n= 3) (n= 3) 
Neurotensin ~ ~= 20.443.5 
(7 => 
Neurotensin (8-13) ~ — i4l+l.6 
(n= 4) 
Substance P = ~ 7+ 1.6 
(n= 4} 
Substance P (5-11) -~ = 25.3 +3,5 
(n = 3) 
Substance P (1-4) ~ _ 56 
(48, 64) 


Neurotensin and neurotensin(8—13) were effec- 
tive competitive inhibitors of Met°’-enkephalin de- 
gradation, with K; values of 20.4 + 2.5 and 14.1 
+ 1.6 uM, respectively (Table H). Similarly. several 
tachykinin sequences were effective inhibitors, with 
the intact undecapeptide substance P being the 
most potent (K,=7.9+1.6 aM). Conversely, 
angiotensin II was relatively ineffective (A, = 200 
uM; not shown). 


Discussion 


In addition to plasma [1], enkephalins have 
been identified in pial, arachnoid and cerebral 
arteries [15]. Although Wahl [16] observed no sig- 
nificant changes in pial arterial dimensions by 
direct application of Leu°-enkephalin, other stud- 
ies have reported both constrictor [8,17] and dila- 


tor [9,18] effects. Enkephalins may also modulate 
vascular tone by affecting substance P-mediated 
neurogenic vasodilatation [19]. 

We have previously demonstrated that a plasma 
membrane fraction purified from large porcine 
blood vessels contained aminopeptidase M [5], 
and that specificity and kinetic data (changes in 
maximal velocity and K,, relative to peptide 
length) were consistent with a capacity for dif- 
ferential metabolism of opioid peptides in the 
microenvironment of vascular cell surface recep- 
tors [6]. However, whether such metabolism oc- 
curred in more physiologically significant systemic 
and/or specialized microvasculature was un- 
Known. 

Cerebral microvessels contain membrane-bound 
aminopeptidase M. Despite the presence of con- 
verting enzyme, enkephalins were preferentially 
hydrolyzed at their N-termini. Although con- 
tamination by other aminopeptidase cannot be 
ruled out, the characteristics of microvascular en- 
kephalin hydrolysis are comparable to those re- 
ported for vascular plasma membrane amino- 
peptidase M [6], renal aminopeptidase M [20] and 
cerebral membrane aminopeptidase M [7]. These 
similarities include hydrolysis of N-terminal neu- 
tral and basic amino acids, sensitivity to inhibition 
by amastatin and bestatin, a relative insensitivity 
to inhibition by puromycin, and decreased rates of 
hydrolysis and K,, for larger opioid peptides. 
Further, some of these same characteristics rule 
out other peptidases such as cytosolic leucine 
aminopeptidase (EC 3.4.11.2) and aminopeptidase 
B (EC 3.4.11.6), and aminopeptidase A (EC 
3.4.11.7), which is specific for N-terminal acidic 
amino acids and is activated by CaCl,. Collec- 
tively, these data support the identification of 
aminopeptidase M as the principal enzyme re- 
sponsible for microvascular enkephalin degrada- 
tion. Indeed, considering the small amount of 
brain homogenate immunoreactive aminopepti- 
dase M found in the present study, and the fact 
that the puromycin-insensitive aminopeptidase M 
characterized by Gros et al. [7] represented a small 
fraction of total cerebral membrane aminopepti- 
dase activity, it is tempting to speculate that the 
majority of CNS aminopeptidase M may be local- 
ized to the vasculature. 

The cellular localization of cerebral microvasc- 


ular aminopeptidase M remains to be determined. 
If present on endothelium, aminopeptidase M 
could modulate the effects of circulating enkepha- 
lins on local bleod flow. Endothelial aminopepti- 
dase M could also function as a component of the 
blood-brain barrier to prevent peripheral opioids 
from entering the central nervous system [21]. 
Indeed, an endothelial localization would seem 
likely considering the epithelial (brush border) 
localization of renal aminopeptidase M and the 
epithelial properties of cerebral capillary endo- 
thelium [22]. Nevertheless, as in aortic smooth 
muscle cells [23], aminopeptidase M may also be 
present within the cerebral vascular wall. Such a 
localization would facilitate metabolism of locally 
released enkephalins and/or other perivascular 
peptides. 

Vasoactive peptides such as substance P and 
neurotensin are present in both plasma and peri- 
vascular (e.g.. cerebral) nerve terminals [24-26]. In 
addition to the modulating effects these peptides 
may have on one another [19], the results obtained 
in the present study demonstrate that they have 
the capacity tc potentiate enkephalin levels by 
inhibition of aminopeptidase M-mediated en- 
kephalin degradation. For instance, if local levels 
of substance P or its metabolites reach low micro- 
molar concentrations in vivo, potentiation of cir- 
culating and/or local enkephalin levels could serve 
to attenuate further release of substance P [19]. 
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A substantial amount of lipids (cholesterol and its esters, mono-, di- and triacylglycerols, free fatty acids and 
the phospholipids phosphatidylethanolamine and phosphaticylinositol) was found associated with tissue 
transglutaminase purified to apparent homogeneity from guinea pig liver. Removal of lipids results in an 
increased tendency of the enzyme for self-asseciation and a decreased stability. Lauric acid was detected 
following hydroxylamine treatment of the enzyme, suggesting the occurrence of a fatty acid-type, covalent, 
posttranslational modification of transglutaminase. The results provide support for the idea that part of 
tissue transglutaminase may be localized in the cell membrane. 


Introduction 


Transglutaminases are Ca**-dependent en- 
zymes catalyzing an acyl transfer reaction between 
peptide-bound glutamine and the primary amino 
group of various amines including the s-amino 
group of properly positioned lysine in substrate 
proteins [1]. Five isoenzyme forms of trans- 
glutaminase have been described so far, namely 
blood coagulation factor XIII in plasma, the epi- 
dermal, prostatic and hair follicle transglutam- 
inases, and the ubiquitous tissue (‘liver’) type in 
cells [1-3]. Varying portions of the cellular trans- 
glutaminase have been found associated with the 
membrane fraction following tissue or cel! homo- 
genization [3-8], suggesting that under certain 
conditions this enzyme is localized in or associated 
with the cell membrane in living cells and tissues. 
There are no biochemical data, however. to ex- 
plain the mechanism of the membrane localization 
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of transglutaminases. We have recently found that 
a specific interaction occurs between purified liver 
transglutaminase and small unilamellar phos- 
pholpid vesicles at the lipid phase transition [9]. 
Now we present data showing that a substantial 
amount of lipid material, including covalently 
bound fatty acid, is associated with purified, guinea 
pig liver transglutaminase. 


Materials and Methods 


Transglutaminase. Guinea pig liver trans- 
glutaminase was purified according to Connellan 
et al [10]. Its activity was assayed by measuring 
ammonia released during the transfer reaction be- 
tween benzyloxycarbonyl-L-glutamylglycine and 
methylamine [9]. Electrophoretic behavior was 
studied using alkaline urea and sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis [11,12]. 

Lipid extraction and analysis. Lipids were ex- 
tracted from transglutaminase protein solution by 
chloroform / methanol (2:1, v/v; [13]). Mild ex- 
traction was carried out at 4°C by light petro- 
leum /n-butanol (7: 3, v/v; [14]). Organic solvents 
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were evaporated, the dry lipid was dissolved in 
chloroform and stored under nitrogen at — 30°C 
until the analysis. Aliquots were used for quantita- 
tion of total lipids and phospholipids [15,16], then 
a portion was spotted on a high performance thin 
layer plate (HPTLC plates silicagel 60 MERCK) 
to determine lipid pattern. The plate was devel- 
oped in light petroleum/ diethyl ether / acetic acid 
(82: 18:1, v/v). Phospholipids which remained in 
the origin were scraped from the previous plate, 
resolved, applied to another plate and separated in 
chloroform / methanol /isopropanol/0.25% aque- 
ous potassium chloride/acetic acid (60:18:50: 
12 : 36, v/v). Lipids were detected by conventional 
staining procedures [17] and identified comparing 
them to standards. Cholesterol and its esters, tri-, 
di- and monoacylglycerols, and fatty acids were 
obtained from Sigma; phosphatidylethanolamine, 
phosphatidylserine and phosphatidylinositol from 
Applied Science. All materials were reagent grade, 
and the organic solvents were destilled before use. 

Protein-bound fatty acid. Transglutaminase, 
which had been extracted by light petroleum /n- 
butanol, was treated with hydroxylamine (1 mol/l, 
pH 7.0, for 6 h) then the protein-free aqueous 
solution obtained by centrifree Micropartition 
(Amicon) separation was extracted with eleven 
parts of chloroform/ methanol (2:1, v/v) and 
analyzed by gas chromatography. Samples treated 
with diazomethane/ diethyl ether solution to 
transform fatty acid hydrroxamates to fatty acid 
methyl esters, were injected into the gas chromato- 
graph (Hewlett Packard, 5840 A) equipped with 
flame ionization detector (300°C), and analyzed 
at 105-300°C (heating rate 5 Cdeg/min) on a 
column packed with 10% OV-1 on Gaschrom Q 
80-100 mesh. 


Results and Discussion 


A substantial amount of lipids could be ex- 
tracted from the purified transglutaminase solu- 
tion by chloroform / methanol; varying from batch 
to batch it was in the range of 13-120 pg/mg 
transglutaminase protein. Qualitative analysis of 
the extracted material showed mono-, di- and 
triacylglycerols, cholesterol and its esters, free fatty 
acids and phospholipids (Fig. la). The latter con- 
stituted about 2-5% of the total lipid by weight 
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Fig. 1. Thin layer chromatography of lipids extracted from 
transglutaminase (Tgase). Panel a: neutral lipids: cholesterol 
ester (1), triacylglycerol (2), free fatty acid (3), cholesterol (4), 
diacylglycerol (5), monoacylglycerol (6) are standards. Panel b: 
phospholipids, obtained from origin of the previous plate; 
phosphatidylethanolamine (1), phosphatidylserine (2), phos- 
phatidylinositol (3) are standards. 200 pg extracted lipid was 
applied onto the first plate. 


and was mainly phosphatidylethanolamine and 
phosphatidylinositol (Fig. 1b). The procedures for 
the purification of the guinea pig liver trans- 
glutaminase involves (following homogenization 
of liver in sucrose and ultracentrifugation) three 
ion exchange chromatography steps and one gel 
filtration step, a precipitation with ammonium 
sulfate and another with protamine sulfate [10]. 
The fact that the purified protein still carries 
lipids suggests a strong association between them 
and the possibility that some of the enzyme mole- 
cules may be originally localized in a lipid en- 
vironment and then released during homogeniza- 
tion. The extraction and analytical procedures were 
repeated using different batches of trans- 
glutaminase preparations including one which was 
a kind gift of Dr. S.I. Chung (Enzyme Chemistry 
Section, NIDR. NIH, Bethesda, MD); the results 
were essentially the same, differing only in the 
quantity of total lipids associated with the en- 
zyme. As shown in Fig. 2, the electrophoretic 
behavior of transglutaminase did not change fol- 
lowing the extraction of lipids and their storage at 
+4°C in the presence of EGTA and dithiothrei- 
tol. An increased tendency for self-association was 
observed during incubation of the enzyme at 37°C 
following lipid extraction (Fig. 2a), Specific activ- 
ity of the enzyme decreased about 50% following 
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Fig. 2. Polyacrylamide gel electrophoresis of transglutaminase. 
Pane] a: alkaline urea gel (10% acrylamide); a, c, d columns 
before, and A, B, C, D columns after delipidation and incuba- 
tion at 37°C in the absence of Ca** for 0 (a, A), 20 (B), 60 
(c, C) min or in the presence of 10 mM Ca?* for 60 min 
(d, D). Panel b: sodium dodecyl sulfate gel (4% acrylamide): a, 
c, d, A, B, C, D samples were prepared parallel to those for 
alkaline urea polyacrylamide gel electrophoresis. p indicates 
high molecular weight polymers not entering, separating gels. 
80 shows the position of 80 kDa protein (molecular mass of 
transglutaminase) as determined by molecular weight stan- 
dards. 


the removal of lipids (data not shown). Enzymatic 
self cross-linkage [18] of the intact trans- 
glutaminase as well as the enzyme treated with 
organic solvent occurred when incubations were 
carried out at 37°C in the presence of Ca**. 
Following the treatment of lipid-depleted trans- 
glutaminase protein with hydroxylamine (a method 
generally used to uncouple ester-linked fatty acids 
from proteins [19]), a fatty acid could be detected 
in the chloroform/ methanol extract of the pro- 
tein-free solution. Using appropriate standards the 
fatty acid was identified as lauric acid (Fig. 3). 
This was 0.5—1.4 mol per mol transglutaminase 
(using 80000 Da as the molecular mass of the 
enzyme in the calculation). It was not found 
without the addition of hydroxylamine. Recently, 
fatty acid modification of several viral and cellular 
proteins (including oncogen coded membrane pro- 
teins) have been observed [20-24] and these data 
have been convincingly used to explain the mem- 
brane localization of these proteins. Protein-bound 
fatty acids.may serve as signals for membrane 
targeting and contribute to either an anchorage to 
the inner surface of the cell membrane or to a 


N © g 
© SoS © 
at go nr 
č a 
© 
+ + 
hed 
S 
Q 
2 
& 
D 5 10 15 “20 min 
Retention timg 


Fig. 3. Gas chromatography profile of the chloroform/ 
methanol extract prepared from the protein-free aqueous solu- 
tion of hydroxylamine-treated transglutaminase (300 ug pro- 
tein). Before hydroxylamine treatment the enzyme was ex- 
tracted with light petroleum/ n-butanol (7:3, v/v) at 4°C). | 
with number represents the retention time of saturated fatty 
acid standards with given carbon atoms as determined in a 
separate mun. 


tight binding of integral membrane proteins to 
specific lipid structures in the bilayer of the mem- 
brane. In the case of transglutaminases, several 
investigators have demonstrated varying degrees 
of association of this enzyme with the membrane 
fraction prepared from cells and tissues [3-8,25, 
26]. Although the tissue (liver) type of trans- 
glutaminase seems to be mostly cytoplasmic in 
cultured cells [27], quite a high proportion of it 
was found in the membrane fraction prepared 
from tissues such as liver [4,25] and lung [8]. The 
localization of epidermal transglutaminase is al- 
most exclusively the cell membrane [3,5,26]. Since 
we used a tissue to purify the enzyme it is not 
possible to decide what cell type was the source of 
the enzyme-lipid complex. However, our trans- 
glutaminase preparation is antigenically homoge- 
neous: it does not cross-react with antibodies 
raised against epidermal, hair follicle and blood 
coagulation factor XIII transglutaminases (data 
not shown). Therefore, the most likely exptanation 


of our finding is that tissue transglutaminase in 
liver is partially membrane-associated [4,25], be- 
cause of fatty acylation and the observation that a 
portion of the membrane-localized transglutam- 
inase is released during the homogenization proce- 
dure carrying some of the lipids with which it was 
associated in the bilayer. 

We have previously shown that an interaction 
takes place between purified liver transglutam- 
inase and small unilamellar phospholipid vesicles 
at the lipid phase transition [9]. The activity of 
transglutaminase inserted into the lipid layer 1s 
greatly reduced [9]. Interestingly, an increased 
transglutaminase activity can be measured in 
lysates of several kinds of cells shortly following 
their stimulation; e.g., in lymphocytes treated with 
mitogens [28], in macrophages during the process 
of immune-complex-induced phagocytosis [29], in 
mast cells upon immunologic and non-immuno- 
logic stimuli to release histamine [30], in isopro- 
terenol-stimulated glioma cells [31], in sym- 
pathetic ganglion after axotomy [32], and in liver 
following hepatectomy [33]. Since the inhibition of 
protein synthesis did not prevent the increased 
activities, it is possible that enzyme molecules are 
released from the lipid environment related to cell 
activation. As a consequence, more catalytically 
active transglutaminase molecules are available, 
the measurable activity is higher and an increased 
amount of transglutaminase product (like protein 
bound y-glutamylhistamine in mast cells [30]) can 
be detected. In such an interpretation, mem- 
brane-bound transglutaminase may represent a 
properly positioned inactive (‘cryptic’) enzyme 
pool which is readily activated by its release from 
the membrane and the increasing Ca** concentra- 
tion [34] during the biochemical process of trans- 


membrane signaling. 
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Initial Fe** uptake rates by mouse intestinal fragments were determined in vitro. Uptake was dependent 
primarily on the Fe**-nitrilotriacetate complex concentration. Addition of Ca?+ and Mg?* to the incubation 
medium had only small effects on the Fe?* uptake rate. Duodenal fragments from hypoxic animals showed 
enhanced uptake of Fe**; this increase was more pronounced with a divalent cation-free medium. Ca?* 
markedly diminished the Fe**+ uptake by mucosa from hypoxic mice; Mg** had no appreciable effect. 
Distal ileal fragments exhibited lower uptake rates compared to the duodenum, but were more sensitive to 
the effects of added Ca?*. The ileal fragments did not show an adaptive response of Fe?+ uptake to hypoxia. 
These results suggest the existence of more than one pathway for mucosal Fe** uptake. One pathway, 
sensitive to Ca** and not stimulated by hypoxia, may be present in the duodenum and ileum. A second 
pathway, inhibited by Ca** and exhibiting an adaptive response to hypoxia, occurs only in the duodenum. 


This latter pathway is more sensitive to the effects of metabolic inhibitors. 


Introduction 


Iron homeostasis is controlled primarily by the 
regulation of proximal intestinal absorption. Iron 
in food is mainly present as complexes or chelates 
and its availability for absorption is dependent on 
the effective stability of these complexes. Thus, 
the nature of the ligands forming chelate com- 
pounds with iron and the ionic composition of the 
luminal contents are important in determining the 
rate of iron absorption. 

An in vitro method has previously been de- 
scribed by Cox and Peters [1] for determining the 


Abbreviation: Hepes, 4-(2-hydroxyethyl)-1-piperazineethane- 
sulphonic acid. 
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initial rates of iron uptake by human intestinal 
biopsy specimens. This technique has also been 
applied to study iron uptake by intestinal frag- 
ments from rabbits [2] and more recently mice [3]. 
The incubation medium used by these workers 
contains Ca?+ and Mg?*, both of which may 
affect the rate of iron uptake. Indeed, Simpson 
and Peters [4] have previously shown that the rate 
of uptake of Fe?* by brush-border membrane 
vesicles is enhanced by divalent cations. This en- 
hancement may be due to the competition of these 
cations with iron for the chelating ligand, nitri- 
lotriacetate [5]. In contrast, most nutritional stud- 
ies have demonstrated that calcium reduces the 
absorption of iron from the diet [6—9]. 

In this paper we have investigated the effect of 
Ca?* and Mg?* on the rate of Fe?+ uptake by 
mouse intestinal fragments. In addition, similar 
studies were performed with hypoxic mice, as 
these provide a convenient model of enhanced 
iron absorption [3]. 
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Materials and Methods 


Reagents. Biochemicals were purchased from 
BDH Chemicals (Poole, Dorset, U.K.) and were 
of Analar Grade. Hepes, nitrilotriacetic acid (tri- 
sodium salt) and 2,4-dinitrophenol were purchased 
from Sigma Chemical Company Ltd., Poole, 
Dorset, U.K. Radioisotopes were purchased from 
Amersham International, Amersham, U.K. 

Animals. Male mice, To strain, 6-8 weeks of 
age, were fed a standard rodent diet (K & K, 
Greeff Chemicals Ltd, Croydon, U.K.). 

Hypoxia. Animals were subjected to a simu- 
lated altitude of 15000-16000 feet by placing 
them in a hypobaric chamber maintained at 53.3 
kPa (0.5 atm) for 3 days. Food and water were 
provided ad libitum during this period. 

Fe** uptake studies. An in vitro technique, 
previously described [1,3], was used for determin- 
ing initial rates of iron uptake by intestinal mucosal 
fragments. The method satisfies the criteria set by 
Sallee et al. [10] for the valid measurement of rates 
of unidirectional uptake into intestinal tissue. The 
incubation medium contained no Ca?* or Mg?* 
unless specifically indicated. Mice were killed by 
cervical dislocation and pieces of intestinal tissue 
were removed from the appropriate region of the 
gastro-intestinal tract. Duodenal tissue was ob- 
tained from the first 5 cm, and ileal tissue up to 10 
cm proximal to the ileocaecal valve. The tissue 
pieces were cut longitudinally and sectioned into 
tissue fragments (2-10 mg wet weight). After rins- 
ing in oxygenated buffer, the fragments were in- 
cubated in a medium containing 125 mM NaCl, 
3.5 mM KCI, 10 mM D-glucose, 16 mM Na-Hepes 
(pH 7.4) and **Fe?+-nitrilotriacetate with 
cyano[>’Co]cobalamin, as an extracellular fluid 
marker. The uptakes obtained in vitro have been 
shown to be similar to the in vivo total mucosal 
iron uptake over the same time period [11]. a-Glu- 
cosidase was assayed as in Ref. 4. 


Results and Discussion 


Fe* uptake studies 

Fig. 1 shows the uptake of °?Fe?t by mouse 
duodenal fragments, as a function of time at two 
different concentrations of iron. Since uptake was 
linear for at least 5 min at both concentrations, 
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Fig. 1. Time course for °’Fe?* uptake by mouse duodenal 


fragments at two different medium iron concentrations. The 
iron in the medium was presented as a ferric chelate of 
mtrilotriacetic acid (Fe? t/chelate ratio, 1:2) Results are shown 
as means + S.E. for four determinations at each time point 


this incubation time was used throughout. This 
short period of incubation was adequate for equi- 
libration of the extracellular fluid marker, 
cyano[>’Co]cobalamin. Previous experiments [3] 
have suggested that iron is transferred to the 
mucosa from the chelate complex at the cell surface 
whilst the intact chelate is excluded from cell 
entry. 

Table I shows the effect of varying the 
Fe>* /nitrilotriacetic acid ratio at constant Fe?t 
concentration on the rate of °’Fe?* uptake. De- 


TABLE I 


EFFECT OF VARYING CHELATE/IRON RATIO ON THE 
RATE OF Fe?* UPTAKE BY MOUSE DUODENAL 
FRAGMENTS 


Mouse duodenal fragments were incubated for 5 min at 37°C 
in a physiological medium as described in the Materials and 
Methods section. The medium lacked divalent cations. Medium 
Fe** concentration was 90 pM and the concentration of 
nitrilotriacetic acid was varied Results are shown as means+ 
S.E for (n) determimations, Statistical analysis by one-way 
analysis of variance: * P < 0.03; ** P<0001, compared to 
uptake values at Fe?*/chelate ratio 10.16 


Fe? * /mtnlotnacetic Fe?* uptake 

acid ratio (pmol/min per mg tissue) 
1.0:1.6 6.0+0 6 (8) 

1.0:20 5340.8 (8) 

1.0:40 4.2+0.4 (8) * 

1.0:10.0 2.6 +0.2 (8) ** 


48 


creasing the Fe** /nitrilotriacetic acid ratio results 
in a gradual decline in uptake rate. The decline in 
uptake rate is much less than the changes in 
unchelated Fe?* concentrations which would be 
anticipated in such experiments [5]. Experiments 
performed in the presence of 1 mM Ca?* and 10 
mM Mg?* have also shown a similar decline in 
Fet uptake with increasing chelate/iron ratios 
[3]. 

Fig. 2 shows Fe*+ uptake by duodenal frag- 
ments over a range of medium iron concentra- 
tions. Uptake by both control animals and those 
exposed to hypoxia for 3 days is hyperbolic with 
respect to medium Fe’*-nitrilotriacetate. A similar 
dependence was obtained with inclusion of Ca*t 
and Mg?* in the medium. The data were further 
processed in order to calculate the kinetic parame- 
ters for Fe** influx, by the direct linear plot 
method of Eisenthal and Cornish-Bowden [12]. 
The values for the apparent kinetic parameters for 
Fe?* uptake are shown in Table II. The uptake 
rate for fragments from controls, with the Ca*t 
and Mg?*-free medium, was not significantly dif- 
ferent from the rate obtained with the cation-con- 
taining medium. In contrast, uptake by duodenal 
fragments from hypoxic animals was found to be 
stimulated 4-fold compared to appropriate con- 
trols; this increase is significantly greater than that 
seen with the cation-containing medium, and im- 
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Fig. 2. Fet uptake by mouse duodenum from control 
animals (@) or those exposed to hypoxia for 3 days (O). 
Results are shown as means+S.E. for three expemments 
Medium Fe**/chelate, 1:2. The lines were obtained by fitting 
the data points to the Michaelis-Menten curve [12] and are 
characterised by K3? value = 70.0 pmol/l, VŠP = 8.4 
pmol/mg per min for control mice, and K,;PP =102, Vam = 
41 8 for 3 day hypoxic mice 


plies that Ca?* and Mg?* have an inhibitory 
effect on the rate of iron uptake by hypoxic 
animals. These findings contradict the report of 
Sheehan [13] employing everted sacs of rat in- 
testine in vitro, that mucosal iron uptake is media- 
ted by passive diffusion and is not subject to 
adaptive regulation. He used ™ I-polyvinylpyr- 


KINETIC CONSTANTS FOR Fe?* UPTAKE BY MOUSE DUODENUM FROM CONTROL AND HYPOXIC ANIMALS 


Uptake studies were performed at various medium Fe** concentrations with constant nitrilotriacetic acid/Fe** ratio. Incubation 
time 5 min. The incubation medium was either divalent cation-free or contained 1 mM Ca?* and 10 mM Mg** K2?? = apparent 
affinity constant and V,2?P = maximal uptake capacity for Fe?* uptake. Results are shown as means+S.E for (n) animals. 
Statistical analysis by ‘t’ test * P < 0.05, compared to hypoxic animals with a Ca?* and Mg**-containing medium * P < 0.01, 
compared to normal controls, with a divalent cation-free medium ** P < 0001, compared to normal controls, with a Ca?* and 


Mg?*-contaimng medium 


Animals Incubation n 
medium 

Controls Ca?* and Mg?*- 9 
containing 

Controls cation-free 5 

Hypoxia Ca?* and Mg?*- 8 

(3-day) containing 

Hypoxia cation-free 5 


(3-day) 


Kinetic parameters 

Ky Vane 

(u mol /]) (pmol /min per mg tissue) 
103 + 20 10.5+0.9 
657+ 90 9.44+1.0 

103 +170 22 742.5 ** 
90.0+20 5 356461 ** 


rolidone as the extracellular fluid marker and 
found iron uptake to be only 1—2-fold greater 
than the uptake of this marker. Our uptake rates 
were at least 2~3-fold greater than the entry of the 
extracellular fluid markers (cyano[?’Co]cobalamin 
or *'Cr-EDTA) in normal tissue and more than 
10-times greater in tissue from hypoxic mice. We 
employed a 2:1 nitrilotriacetic acid/Fe** ratio, 
as we find that the 1:1 ratio gives variable uptake 
rates, especiallyin the presence of Ca** and Mg?*, 
which further destabilises the Fe? *-nitrilotriace- 
tate complex [5]. Sheehan [13] employed a 1:1 
nitrilotriacetic acid/Fe** ratio in the presence of 
0.1 mM Ca** and 1.1 mM Mg?"t. 

The data presented above demonstrate clearly 
that mucosal uptake of Fe?+ from Fe?*-nitri- 
lotriacetate depends on the medium Fe-nitri- 
lotriacetate concentration, rather than the con- 
centration of unchelated Fe?+. This contrasts with 
observations made with isolated brush border 
membrane [4]. 


Effect of divalent cations on Fe?* uptake in vitro 

The effect of various concentrations of Ca** 
and Mg?* on the rate of iron uptake by duodenal 
fragments is shown in Fig. 3. Ca?* had little effect 
on Fe?* uptake by duodenal fragments from nor- 
mal controls, whilst Mg”* was inhibitory. In con- 
trast, the rate of iron uptake by duodenal frag- 
ments from hypoxic animals was markedly in- 
hibited by 1 mM Ca?**. Mg?*, at all concentra- 
tions used, had. no marked effects on the rate of 
iron uptake by duodenal fragments from hypoxic 
animals. These observations could therefore 
account for the lower VPP values for duodenal 
fragments from hypoxic animals (Table II) when 
the incubation medium containing 1 mM Ca?* 
and 10 mM Mg?* was used. 


Effect of metabolic inhibitors on °°Fe?* uptake by 
duodenal fragments 

Table III shows the effect of sodium fluoride, 
NaF (an inhibitor of glycolysis) and dinitrophenol 
(an inhibitor of oxidative phosphorylation) on 
Fe?*+ uptake by duodenal fragments from control 
and hypoxic animals. Uptake in the presence of 
NaF and dinitrophenol was reduced by approxi- 
mately 45%. NaF or dinitrophenol alone inhibited 
uptake of Fe?+ by 19-27%. A greater degree of 
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Fig 3 Effect of vanous concentrations of (a) Ca?* and (b) 
Mg2* on the rate of Fe? uptake by mouse duodenal 
fragments from control (@) and hypoxic (O) animals. Medium 
Fe** concentration was 90 pM Fe?*/chelate ratio, 1:2. 
Results shown as means + S.E. for three separate experiments 
Statistical analysis by students ‘z’ test: * P < 005; ** P <0 02; 
*** P< ().001, compared to uptake rate observed in divalent 
cation-free medium 


TABLE HI 


EFFECT OF METABOLIC INHIBITORS ON RATE OF 
DUODENAL Fe?t UPTAKE 


Uptakes were performed in the presence of 10 mM NaF, 0.1 
mM dinitrophenol or a combination of both with either 
cation-contaiming or cation-free media Results are shown as 
mean percentage inhibition of uptake rate-+$ E for (n) expen- 
ments compared to control values obtarned ın the absence of 
inhibitors. Several pieces of fragments were used for each 
experrment Fe** concentration = 250 pM Fe°*/chelate = 
1:2 


Animal Inhibition (%) 
group NaF dinitrophenol NaF + dimitrophenol 
Cation-containing medium 


controls 19445.1 (2) 268442(3) 434429(4 
hypoxia 
(3-day) 17241.2(2) 35145.0(2) 5694+73 (4 


Cation-free medium 
controls 18.9+3 7 (2) 24.94+5.3 (2) 45.0+5 9 (2) 
hypoxia 
(3-day) 35.4+32(2) 47.0+54(Q) 742+43 (2) 
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inhibition was found with tissue from hypoxic 
animals, particularly with cation-free incubation 
medium, in which uptake was maximal. 


Fe?+t uptake by fragments from the distal ileum 
The characteristics for Fe?* uptake by distal 
ileum differ from that of the duodenum (Table 
IV). Using the divalent cation-free medium, up- 
take by fragments from the duodenum was signifi- 
cantly greater than ileum. Furthermore, 1 mM 
Ca** significantly increased the initial rate of 
uptake of Fe** by the distal ileal fragments. Mg?*, 
on the other hand, had no significant effect on the 
uptake rate. The VPP for uptake by ileal frag- 
ments was 6.5 + 0.2 pmol/min per mg (mean + 
S.E., n= 5) in divalent cation-free medium. This 
value is significantly lower (P < 0.05) than that 
observed in the duodenum (9.4+1.0 pmol/min 
per mg), confirming the reduced uptake noted 
above. The apparent distribution volume of the 
extracellular fluid marker, cyano[*’Co]cobalamin, 
associated with the ileal tissue was similar to that 
for duodenal fragments. Exposure of animals to 
-&3-day hypoxia did not affect the distal ileal uptake 
“rate (uptakes performed at Fe** concentration, 
250 pM; control = 4.7 + 0.4 [12] pmol/min per 
mg; hypoxic = 5.1 + 0.7 [11]). This is in marked 
contrast to the response in the duodenum. 


TABLE IV 


EFFECT OF Ca** AND Mg?* ON THE RATE OF UP- 
TAKE OF Fe?* BY MOUSE DUODENAL AND DISTAL 
ILEAL FRAGMENTS 


Uptakes by duodenal and distal ileal fragments were per- 
formed with a medium contaimng or lacking 1 mM Ca’* or 10 
mM Mg?* Results are shown as mean uptake rates+S.E for 
two or three experiments with four or five tissue samples per 
experiment. Incubation tıme =5 min. Medium Fe** con- 
centration = 90 „M. Fe?t/chelate ratio=1:2 Statistical anal- 
ysis by students ‘r’ test: * P< 0.01, ** P<0001; compared 
to uptake by ileal fragments in a divalent cation-free medium. 


Incubation Uptake rates (pmol/mg per min) 
medium duodenal ileal 
Cation-free 6.0+0.3 ** 19+02 

+1 mM Ca** 6140.6 5.641.5 * 
+10 mM Mg?t 4.8+06 18+0.2 


Effects of Ca? * on Fe?* uptake by duodenum and 
ileum 

The major effects of Ca?* on Fe?*+ uptake are 
stimulation in normal ileum, no significant effect 
in normal duodenum and inhibition in hypoxic 
duodenum. The simplest model which can explain 
these observations is a two-pathway model. One 
pathway of Fet uptake is present in both 
duodenum and ileum and is stimulated by Ca?+t 
and not greatly altered in hypoxia. The second 
pathway, present in the duodenum but not ileum, 
is enhanced in hypoxia and inhibited by Ca?*. 
Fig. 4 shows the interrelationship of these pro- 
posed uptake pathways in duodenum. 

In a series of experiments the reversibility of 
the effect of Ca?+ was investigated in normal and 
hypoxic animals. Fragments of intestinal tissue 
were pre-incubated for 5 min in either cation-free 
medium or medium containing 1 mM Ca?* and 
washed in cation-free medium. Fe** uptake stud- 
ies were performed in cation-free medium contain- 
ing 90 uM Fe?* and 180 uM nitrilotriacetic acid. 
The results showed that pre-incubation in Ca?*- 
containing medium, compared with control 
medium, had no significant effect on the subse- 
quent rate of uptake of Fe’* by duodenal and 
ileal fragments from controls or duodenal frag- 
ments from hypoxic animals. These observations 
indicate that the effect of Ca?* reported above is 
reversible. 
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Fıg. 4. Relative contributions of two postulated pathways to 
overall Fet uptake by Ca?*-stimulated (hatched area; 
pathway one) and Ca**-inhibited (open area; pathway two) 
mechanisms in normal and hypoxic mouse duodenum. The 
5?Fe3+ uptake rates have been expressed relative to the activ- 
ity of a-glucosidase, a brush-border membrane marker en- 


zyme. 


This two-pathway model also accounts for re- 
cent observations of Fe** transport by isolated 
mouse intestine brush-border membrane vesicles 
and intact intestine in vivo. The studies [4,14] of 
Fe?* transport across isolated brush border mem- 
brane have demonstrated Ca**-stimulated Fe?* 
transport in both duodenal and ileal brush-border 
membrane vesicles. Uptake was only slightly in- 
creased in duodenal vesicles from hypoxic mice 
[14]. This Fe** transport by brush-border vesicles 
could account quantitatively and qualitatively for 
the specific uptake of >’ Fe** by distal ileal mucosa 
in vivo. In contrast, the uptake in vivo with nor- 
mal duodenal mucosa cannot be wholly explained 
by the isolated membrane transport [15]. 

In order to explain the lack of effect of Ca?* 
on duodenal uptake by normal tissue, our two- 
pathway model requires that the Ca?* stimulation 
of duodenal Fe?* uptake by pathway one be 
greater than the stimulation of this pathway in 
ileum. We have found that transport by duodenal 
brush-border membrane vesicles is stimulated 
greater than 7-fold by 1 mM Ca?* [4] whilst ileal 
vesicle uptake i stimulated only 4-fold [14,15], 
consistent with this requirement. We therefore 
propose that pathway one represents the transport 
mechanism expressed by isolated brush-border 
membrane vesicles. Pathway two, which appears 
to be quantitatively more important under our 
incubation conditions, especially in hypoxia, is not 
demonstrable by brush-border membrane vesicles 
and appears to require intact, metabolically active, 
cells in order to function. 


Conclusions 


Fe?+ uptake by intact intestinal mucosa ex- 
hibits Ca** sensitivity which is consistent with 
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two distinct Fe?+ uptake mechanisms operating in 
duodenum but only one in ileum. One of these 
mechanisms may be that expressed by isolated 
brush-border membrane. The other mechanism is 
particularly sensitive to metabolic inhibitors and 
Ca?* inhibition. 
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An enzyme with a molecular weight of 54000 which possesses phosphatase activity acting on glucose 1-P, 
galactose 1-P and mannose 1-P has been partially purified and characterized from pig skeletal muscle. The 
enzyme is free of phosphoglucomutase and galactokinase activities, and it possesses a neutral optimum pH. 


P. acts as an inhibitor; glucose, galactose and mannose do not produce any effect. Divalent cations are 


required for activity, Mg?* being the most effective activator. Micromolar levels of fluoride and millimolar 
levels of chloride act as inhibitors; however, vanadate does not produce any effect. The enzyme may have an 
important role when galactose accumulates in tissues; for example, in galactosemic patients and in young 


animals ingesting high-galactose diets. 


Introduction 


The enzymes involved in glucose 1-P and 
galactose 1-P breakdown in vertebrates are not 
well known. Purified preparations of alkaline 
phosphatase (EC 3.1.3.1), acid phosphatase (EC 
3.1.3.2) and glucose 6-P phosphatase (EC 3.1.3.9) 
can hydrolyze glucose 1-P to a certain extent 
[1-3]. However, it has been shown that the main 
route of glucose 1-P hydrolysis is through a pre- 
liminary conversion into glucose 6-P via phos- 
phoglucomutase [4]. A galactose 1-P phosphatase 
has been detected in chick brain [5] and in 
fibroblasts of galactosemic patients [6]. 

This paper reports the partial purification and 
characterization from pig skeletal muscle of a 
phosphatase acting on glucose 1-P, galactose 1-P 
and mannose 1-P. The enzyme is active at neutral 
pH and is free of phosphoglucomutase activity. It 
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differs in several properties from a phosphatase 
also specific for glucose 1-P and galactose 1-P 
detected in silkworm blood [7], and from the less 
specific glucose monophosphate phosphatase de- 
tected in pea seeds [8]. 


Materials and Methods 


Materials 

Enzymes, substrates, chemicals and chromatog- 
raphy products were purchased from the sources 
previously indicated [25]. Fructose 2,6-P, was a 
generous gift of Dr. R. Bartrons. Sepharose 4B 
was coupled with glucosamine 6-P as described by 
Jett and Soderling [9]. 


Enzyme and protein assays 

The phosphatase activity was measured by in- 
cubating, at 37°C, 100 ul of a mixture containing: 
8 mM glucose 1-P or any other phosphorylated 
substrate assayed, 4 mM MgCl,, 40 mM Tris- 
acetate buffer (pH 7.4), and the sample tested. 
The reaction was stopped by the addition of 200 
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pl of 10% (v/v) HCO, and the protein precipitate 
was removed by centrifugation. The inorganic 
phosphate released was measured using malachite 
green in acid-molybdate medium [11]. One unit 
(U) of enzyme is defined as the amount which 
releases 1 umol of P, per min under the conditions 
described. 

Alternatively, glucose 1-P phosphatase was de- 
termined by measuring the disappearance of glu- 
cose 1-P. The incubating medium was as de- 
scribed above. The glucose 1-P remaining in the 
supernatant was measured spectrophotometrically 
by conversion to glucose 6-P with phosphoglu- 
comutase and oxidation of glucose 6-P by NADP 
and glucose 6-P dehydrogenase [12]. 

To determine the influence of pH on the initial 
rate, the following buffers (40 mM) were used: 
acetic-acetate (pH 5.0-5.5); imidazole-acetic (pH 
5.5-7.5); Tris-acetate (pH 7.0-9.0), and glycine- 
NaOH (pH 8.0-9.0). 

Phosphoglucomutase was measured by a spec- 
trophotometric method [13]. Glucose 1,6-P, syn- 
thase was assayed as previously described [10]. 
Protein phosphatase activity was measured using, 
as substrates, purified glycogen phosphorylase a 
and glycogen synthase D from rabbit muscle 
[14,15], and purified hydroxymethylglutaryl-CoA 
reductase from rat liver [16]. The phosphatase 
activity was determined by measuring the activa- 
tion of glycogen synthase [17] and hydroxymethyl- 
glutaryl-CoA reductase [18], and the inactivation 
of glycogen phosphorylase [19]. Galactokinase ac- 
tivity was determined measuring the decrease in 
galactose after incubation with ATP. The galac- 
tose concentration was measured with galactose 
dehydrogenase [20]. 

Protein was measured according to the method 
of Lowry et al. [21] or spectrophotometrically by 
reading the absorbance at 280 nm. 


Determination of the molecular weight 

The molecular weight of the purified enzyme 
was estimated by gel filtration on Sephadex G-75. 
Bovine serum albumin (M,: 67000), ovalbumin 
(M,: 44000) and myoglobin (M.: 17200) were 
used as standards. Samples (10 mg) of each stan- 
dard protein and 90 mU of enzyme in 2 ml 20 
mM Tris-acetate, 100 mM NaCl, 5% glycerol, 2 
mM f-mercaptoethanol were applied to the col- 
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umn (1.5 Xx 150 cm) and eluted with the same 
buffer. At a flow rate of 5 ml/h, 2 ml fractions 
were collected and assayed for enzymatic activity 
and Agọ: The molecular weight was determined 
using the standard curve of log M, versus elution 
volume. 


Electrophoresis 

Electrophoresis in 12% polyacrylamide gels 
containing SDS was performed [22] at 20°C for 4 
h at a constant current of 40 mA per gel. Protein 
bands were detected by silver staining [23]. 


Tissue extraction 

Pig skeletal muscle (back muscle) was obtained 
fresh from a slaughterhouse. The cleaned muscle 
was minced and homogenized in 3 vol. (w/v) of 
20 mM Tris-acetate buffer (pH 7.4) containing 2 
mM £-mercaptoethanol, with a Sorvall-Omni- 
mixer (4000 rpm, 2-3 min). After centrifugation 
at 35000 Xg for 45 min, the supernatant was 
precipitated with ammonium sulfate (80% satura- 
tion, 120 min), resuspended and dialyzed over- 
night against the homogenization buffer (fraction 


D. 
Results 


Aldohexose 1-P phosphatase activity in muscle ex- 
traci 

Glucose 1-P, galactose 1-P and mannose 1-P 
phosphatase activities were determined in pig 
muscle extract, in the presence of 10 mM vanadate 
to abolish phosphoglucomutase activity [24] and 
to avoid the conversion of glucose 1-P into glu- 
cose 6-P. Control experiments with purified al- 
dohexose 1-P phosphatase showed that its activity 
was not affected by vanadate. The activities found 
were 110 mU, 73 mU and 33 mU per g of tissue, 
respectively. The phosphoglucomutase and the 
glucose 6-P phosphatase activities of the extract 
were 85 U and 20 U/g tissue, respectively. 


Purification of aldohexose 1-P phosphatase 
All steps were carried out at 0—4°C, 
DE-cellulose chromatography. Fraction I was 
applied to a column of DE-cellulose equilibrated 
with extraction buffer. After washing with the 
same buffer, the column was eluted first with 100 
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mM Tris-acetate containing 2 mM ß-mercapto- 
ethanol (pH 7.4), and then with a linear gradient 
(100-300 mM) of the same buffer (Fig. 1). The 
peak with glucose 1-P phosphatase activity was 
pooled, concentrated by precipitation with am- 
monium sulfate (80% saturation, 60 min), resus- 
pended and dialyzed against extraction buffer. 
This preparation (fraction II) was free of phos- 
phoglucomutase activity. 

Sephadex G-150 chromatography. One sample 
of fraction II was concentrated by ultrafiltration 
and applied (2 ml, 70 mg protein/ml) to a Seph- 
adex G-150 column (1.5 x 143 cm), equilibrated 
with 20 mM Tris-acetate buffer, containing 100 
mM NaCl and 2 mM B-mercaptoethanol. The 
column was eluted with the same buffer at a flow 
rate of 10 ml/h, 2 ml fractions being collected. 
Glucose 1-P phosphatase emerged as a single 
symmetrical peak (not shown). Fractions with ac- 
tivity were pooled and concentrated by ultrafiltra- 
tion to give fraction III. 

Sepharose 4B-glucosamine 6-P chromatography. 
Fraction III was dialyzed against extraction buffer 
and loaded (2.5 ml, 18 mg protein/ml) into a 
column (1.5 xX 6 cm) of Sepharose 4B coupled with 
glucosamine 6-P equilibrated with extraction 
buffer. The column was eluted, at a flow rate of 20 
ml/h, with a discontinuous gradient of Tris- 
acetate buffer containing 2 mM f-mercaptoethanol 


P 


mS 


CONDUCTIVITY 
ABSORBANCE 280 am 
GIP phosphatase mU/ml 
Phosphogiucomutase U/ml! 





100 200 300 400 
FRACTION NUMBER 


Fig. 1. Separation of aldohexose 1-P phosphatase from phos- 
phoglucomutase by DE-cellulose chromatography. Fraction I 
(110 ml, 25 mg protein/ml) was applied to the column G x13 
cm) at a flow rate of 40 ml/h, and 3 mi fractions were 
collected and assayed for glucose 1-P phosphatase (O) and 
phosphoglucomutase (4). Absorbance at 280 nm (———) 
Salt conductivity (------ ). 


(pH 7.4) (20 mM, 100 mM and 300 mM Tris). The 
peak with glucose 1-P phosphatase activity was 
eluted at 100 mM Tris-acetate. It was con- 
centrated by ultrafiltration and dialyzed against 
extraction buffer to give fraction IV. 

Fraction IV was stored at — 40°C with glycerol 
and 5 mM f-mercaptoethanol. Under storing con- 
ditions, the activity was lost within 15 days. The 
enzyme was purified about 400-fold, although the 
preparation was not homogeneous. Gel elec- 
trophoresis in polyacrylamide containing SDS 
showed four bands (not shown). The overall yield 
was about 40%. Table I summarizes the results of 
the purification procedure. 


Molecular weight 

When chromatographed on Sephadex G-75 the 
enzyme emerged between bovine serum albumin 
and ovalbumin. The apparent molecular weight 
was found to be 54000 + 1000. 


Substrate specificity of the enzyme preparation 

The substrate specificity of the purified pre- 
paration was studied with several mono- and bis- 
phosphorylated sugars, phosphorylated triose de- 
rivatives, nucleotides and p-nitrophenyl phos- 
phate. As summarized in Table II, under standard 
assay conditions, the enzyme preferentially hydro- 
lyzes galactose 1-P, glucose 1-P and mannose 1-P. 
Fructose 1-P, the C, phosphorylated and the bis- 
phosphorylated hexoses are not significantly hy- 
drolyzed. The specific activity (mU/mg) was 
found to be approximately 1014, 1100 and 507 for 
glucose 1-P, galactose 1-P and mannose 1-P, re- 
spectively. 

To discard the phosphatase activity as a col- 
lateral reaction of galactokinase or glycogen phos- 
phorylase, the enzyme preparation was tested for 
these activities. The results were negative (not 
shown). The preparation was found to be free of 
protein phosphatase activity when glycogen phos- 
phorylase a, glycogen synthase D and hydroxy- 
methylglutaryl-CoA reductase were used as sub- 
strates. It was also free of phosphoglucomutase 
and glucose 1,6-P, synthase activities. 


Functional properties 
Effect of substrate concentration. The activity 
patterns obtained varying glucose 1-P, galactose 


TABLE I 


SUMMARY OF ALDOHEXOSE 1-P PHOSPHATASE PURIFICATION 


Purification Activity ° Total 
step (mU /ml) activity ° 
(mU) 
Extract ° 43.5 72862 
DE-cellulose 234 70130 
Ammonium sulfate 1800 84640 
Sephadex G-150 4045 52810 
Glucosamine 6 P-Sepharose 75 30549 


* Glucose 1-P was used as substrate. 
P The activity was assayed ın the presence of 10 mM vanadate 


TABLE II 


SUBSTRATE SPECIFICITY OF ALDOHEXOSE 1-P 
PHOSPHATASE 


Substrate Activity (%) 
Glucose 1-P 100 
Glucose 6-P 3 
Glucose 1,6-P, 10-20 
Galactose 1-P 68-112 
Galactose 6-P 0 
Fructose 1-P 3 
Fructose 6-P 9 
Fructose 1,6-P, 0 
Fructose 2,6-P, 0) 
Mannose 6-P 0 
Mannose 1-P 40-73 
Ribose 5-P 10 
Ribulose 5-P 31-40 
Glycerate 2-P 0 
Glycerate 3-P 0 
Glycerate 2,3-P 0 
Glycerol 1-P 11 
Glycerol 2-P 32-42 
Phosphoenol pyruvate 1 
Glycolate 2-P 15-27 
Glyceraldehyde 3-P 5 
p-Nitrophenyl phosphate pH 4.8 a 
13 2 

10.5 10 
ATP 9 
ADP 9 
AMP 11~15 
IMP 3 
NADP 0 
UDPG 0 
Serine-P 0 
Threonine-P 0 
Tyrosine-P 0 


Protem Specific Yield Purification 
concentration activity (%) factor 
(mg/ml) (mU /mg) 
15 29 100 1 

6.1 38.3 96 13 
17.8 100.0 116 34 
18.0 224.0 72 77 

0.067 1119.0 42 386 


1-P and mannose 1-P concentrations followed 
hyperbolic kinetics with the three substrates. The 
K,, Values, calculated from the intercepts at the 
abscissa, were estimated to be 0.78 mM, 0.9 mM 
and 1.25 mM for glucose 1-P, galactose 1-P and 
mannose 1-P, respectively. 

Effect of pH. The optimum pH was found to be 
7.0—7.2 for both glucose 1-P and galactose 1-P, 
and 7,2—7.4 for mannose 1-P (not shown). 

Effect of the reaction products. As shown in Fig. 
2, inorganic phosphate inhibited competitively the 
glucose 1-P phosphatase activity. The K, was 
calculated to be about 1.5 mM. Glucose, galactose 
and mannose up to 50 mM concentration did not 
produce any effect (not shown). 

Effect of dwalent cations. Divalent cations were 
found to be required for glucose 1-P, galactose 
1-P and mannose 1-P activities. Mg?* was the 
most effective activator, showing a maximum ef- 
fect at 3-6 mM concentration. Mn** showed a 
maximum effect at 1-2 mM, being inhibitory at 
higher concentration (Fig. 3). Cot and Zn’* 
showed a much lower activatory effect. No en- 
zymatic activity was observed in the presence of 
Ca?” up to 20 mM. Addition of EGTA up to 1 
mM to the standard assay mixture did not pro- 
duce any effect. Mg”* and Mn?* did not show 
synergistic or antagonistic effects (not shown). 

Effect of inhibitors. The effects of several com- 
pounds known to be inhibitors or activators of 
some phosphatases were tested. As shown in Table 
III, glucose 1-P phosphatase activity was inhibited 
by fluoride at micromolar concentration, and by 
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Fig 2. Inhibition of inorganic phosphate on aldohexose 1-P phosphatase activity. The phosphatase activity was measured 
spectrophotometnically using glucose 1-P as substrate in the presence of different concentrations of P, (©) control, (M) 1 mM P,, (a) 
2 mM P, and (v) 10 mM P.. The insert shows the replot of the Km and the concentration of the inhibitor. 


chloride at millimolar concentration. Tartrate (0.5 
mM) and vanadate (up to 10 mM) were not in- 
hibitory. æ- and B-glycerophosphate, IMP, AMP, 
ADP and ATP did not produce any effect. 


TABLE III 


EFFECT OF SOME INHIBITORS ON GLUCOSE 1-P 
PHOSPHATASE 


The assay was initiated by addition of the enzyme to the 
reaction mixture containing the inhibitor. To test for the effect 
of vanadate the enzyme was preincubated with it for 30 min 


PHOSPHATASE ACTIVITY (U/ml) 





Addition Concentration Activity 
(mM) (%) 
None - 100 
F` 0125 70 
0.250 39 
0.500 26 
1 16 
2 9 
5 5 
mM 10 3 
Fig. 3. Effect of Mg** and Mn** on aldohexose 1-P phos- i a ž 
phatase activity. The phosphatase activity was measured with 500 44 
glucose 1-P (a), galactose 1-P (©) and mannose 1-P (0) as Tartrate 05 100 


substrates, in the presence of different concentrations of mag- Vanadate 10 97 
nesium acetate (panel A) and manganese acetate (panel B). 


Discussion 


In a previous report [25], it was found that 
most of the glucose 1-P phosphatase activity from 
pig skeletal muscle eluted associated with the main 
peak of glucose 1,6-P, phosphatase activity when 
the muscle extract was subjected to ion-exchange 
chromatography. The procedure described here 
allows the separation of the activities and a highly 
purified preparation of hexose 1-P phosphatase. 
The enzyme is specific for aldohexose 1-P; in 
addition to glucose 1-P, it hydrolyzes galactose 
1-P and, less efficiently, mannose 1-P. It is not a 
collateral activity of phosphoglucomutase, galac- 
tokinase, glycogen phosphorylase or protein phos- 
phatase, since the enzymatic preparation is free of 
these activities. 

This aldohexose 1-P phosphatase has some 
properties in common with the glucose 1-P phos- 
phatase found in silkworm blood [7]. Like the 
insect phosphatase, the pig enzyme shows a high 
substrate specificity; of the naturally occurring 
phosphate esters, only glucose 1-P and galactose 
1-P are hydrolyzed to any considerable degree. 
Both the pig and the silkworm phosphatases are 
inhibited by fluoride and they are similarly af- 
fected by the reaction products; they are strongly 
inhibited by P, but not affected by glucose and 
galactose. However, the two enzymes differ in 
their optimum pH and in the requirement for 
divalent cations. Whereas the pig muscle enzyme 
has a neutral optimum pH, the insect phosphatase 
shows maximal activity at acid pH (4.0-—4.5). In 
addition, whereas the pig phosphatase requires 
Mg?* for activity, the silkworm enzyme is not 
affected by this cation. 

The aldohexase 1-P phosphatase also differs 
from glucose 6-P phosphatase and the acid phos- 
phatases. In contrast with the aldohexose 1-P 
phosphatase, glucose 6-P phosphatase is inhibited 
by divalent cations, including Mg?*, Zn?*+ and 
Ca?* and by nucleoside di- and triphosphate [3]. 
The acid phosphatases do not require Mg?* and 
are inhibited by Ca’*, tartrate and adenine 
nucleotides [2]. 

The physiological role of the aldohexose 1-P 
phosphatase is uncertain. Its K,, for glucose 1-P 
(0.78 mM) is much higher than the concentration 
of glucose 1-P in muscle (50 uM) [26]. Further- 
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more, phosphoglucomutase, which is present in 
pig muscle in much higher concentration than 
aldohexose 1-P phosphatase, possesses a much 
lower K,, for the phosphorylated sugar than the 
phosphatase (10 uM) [26]. Glucose 6-P phos- 
phatase activity is of the same order of magnitude 
as glucose 1-P phosphatase activity. Therefore, in 
a normal situation, glucose 1-P is probably de- 
phosphorylated before it can be converted to glu- 
cose 6-P by phosphoglucomutase. 

Aldohexose 1-P phosphatase may have an im- 
portant role when galactose 1-P accumulates in 
tissues, for example, in young animals ingesting 
high-galactose diets [5] and in galactosemic pa- 
tients [27]. It has been shown that in such cir- 
cumstances, in muscle, galactose 1-P is converted 
to galactitol through an alternative route which 
involves free galactose and the action of an aldose 
reductase [28]. Galactose 1-P levels have been 
found to be elevated in red cells, lens, liver and 
kidney of galactosemic patients [29,30]. In ad- 
dition, high concentrations of galactitol were found 
in the brain and muscle of such patients [31,32]. 
Therefore, in the muscle, aldohexose 1-P phos- 
phatase could have a central role in initiating the 
route leading to the synthesis of galactitol. Al- 
though the value of the K,, of aldohexose 1-P 
phosphatase is high (0.9 mM), it is much lower 
than the K,, of the aldose: NADP oxidoreductase 
for galactose (12-20 mM) [33,34]. Galactose 1-P 
could be the substrate for the phosphoglucomu- 
tase [35]; however, the K,, of phosphoglucomu- 
tase for galactose 1-P is not lower than that of 
aldohexose 1-P phosphatase [26]. 
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Deglycosylation of ricin may be necessary to prevent the entrapment of antibody-ricin conjugates in vivo by 
cells of the reticuloendothelial system which have receptors that recognise the oligosaccharide side chains on 
the A- and B-chains of the toxin. Carbohydrate-deficient ricin was therefore prepared by recombining the 
A-chain, which had been treated with a-mannosidase, with the B-chain, which had been treated with 
endoglycosidase H or a-mannosidase or both. By recombining treated and untreated chains, a series of ricin 
preparations was made having different carbohydrate moieties. The removal of carbohydrate from the 
B-chain did not affect the ability of the toxin to agglutinate erythrocytes, and a-mannosidase treatment of 
the A-chain did not affect its ability to inactivate ribosomes. The toxicity of ricin to cells in culture was only 
reduced in those preparations containing B-chain that had been treated with a-mannosidase, when a 75% 
decrease in toxicity was observed. The toxicity of the combined ricin preparation to mice varied from double 
to half that of native ricin, depending on the chain(s) treated and the enzymes used. Removal of 
carbohydrate greatly reduced the hepatic clearance of the toxin and the levels of toxin in the blood were 
correspondingly higher. These results suggest that antibody-ricin conjugates prepared from deglycosylated 
ricin would be cleared more slowly by the liver, inflict less liver damage, and have greater opportunity to 
reach their target. 


Introduction enters the cytosol (probably from an endocytic 


vesicle) and kills the cell by catalytically inactivat- 


In recent years many attempts have been made 
to direct ricin to designated cell types in animals 
by linking it to specific antibodies [1-4]. Ricin, the 
toxic lectin from the castor bean (Ricinus com- 
munis), is a glycoprotein consisting of two poly- 
peptide chains, A and B, linked by a disulphide 
bond. The B-chain has galactose recognition sites 
by which the toxin binds to glycoproteins and 
glycolipids on cell surfaces and the A-chain then 
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ing 60 S ribosomal subunits [5-7]. 

When ricin is injected intravenously into mice 
or rats, it rapidly accumulates in the liver causing 
damage to the non-parenchymal cells, mainly 
Kupffer and sinusoidal endothelial cells [8,9]. The 
uptake of the ricin by the non-parenchymal cells 
appears to be due principally to recognition of 
mannose-containing carbohydrate side chains in 
the toxin [10-12]. The B-chain contains two high 
mannose-type oligosaccharide units whereas the 
A-chain mainly contains a single complex oligo- 
saccharide unit of composition (GlcNAc),-Fuc- 
Xyl-(Man),_,<. Approximately one third of the 
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A-chains also contain a mannose-rich oligosac- 
charide similar to that found on the B-chain 
[12,13]. Recently, Bourrie et al. [14] showed that 
an antibody-ricin A-chain conjugate was rapidly 
removed from the bloodstream of animals, the 
major site of clearance being the liver. The blood 
clearance of the conjugate could be slowed by 
coinjection of yeast mannan. These findings sug- 
gest that antibody-ricin conjugates would be 
rapidly cleared from the bloodstream by the re- 
ticuloendothelial cells of the liver, thus reducing 
their therapeutic value. This prompted us to seek 
ways of removing the carbohydrate from ricin 
before linking it to the antibody. 

In an earlier report [13] we described a proce- 
dure for the removal of carbohydrate from ricin 
using a-mannosidase and endoglycosidase H. 
Since intact native ricin was resistant to enzymic 
deglycosylation the toxin first had to be split into 
its A- and B-chains by reduction. The terminal 
mannose residues could be removed from the iso- 
lated native A- or B-chains by a-mannosidase 
treatment and one of the high mannose oligosac- 
charide chains present on the B-chain could be 
removed by treatment with endoglycosidase H. 

In the present report we describe the prepara- 
tion of carbohydrate-depleted ricin by separating 
the A- and B-chains, treating them with gly- 
cosidases, and then recombining them to form 
intact ricin. The modified toxin showed no loss of 
haemagglutinating activity or of inhibitory activity 
on cell-free protein synthesis, and its toxicity to 
cells in vitro was only reduced in those prepara- 
tions containing B-chain that had been treated 
with a-mannosidase. The most highly deglyco- 
sylated preparation of ricin had a much reduced 
tendency to home to the liver after intravenous 
injection into rats. 


Materials and Methods 


Materials 

Ricin (electrofocusing at pH 7.2) was kindly 
supplied by Dr. J.A. Forrester, Chester Beatty 
Research Institute, Fulham Road, London. The 
toxin was -purified from an aqueous extract of 
untoasted Chinese castor bean cake by (NH,).SO, 
precipitation, affinity chromatography on Seph- 
arose 4B (Pharmacia Ltd., Milton Keynes, U.K.) 


and gel filtration on Sephacryl S-200 (Pharmacia), 
essentially as described by Nicolson and Blaustein 
[15]. 
Nal] (IMS 30) for protein iodination and 
L-[4,5-? H]leucine (TRK 170) were obtained from 
Amersham International, Amersham, U.K. 

Endoglycosidase H (Streptomyces griseus) was 
obtained from Miles Laboratories Ltd., Slough, 
U.K. and a-mannosidase EC 3.2.1.24 (jack bean) 
from Sigma, Poole, Dorset, U.K. 

Concanavalin A (Con A) was purchased from 
Pharmacia Ltd. It was linked to CNBr-Sepharose 
(Pharmacia) in the presence of 0.2 M methyl a- 
mannoside (Sigma Chemical Co., Poole, Dorset, 
U.K.) using the manufacturer’s instructions. The 
concentration of concanavalin A bound was 3 mg 
protein per ml of swollen gel. 

1,10-Phenanthroline hydrate (o-phenanthro- 
line), Analar grade, was obtained from Hopkin 
and Williams Ltd., Chadwell Heath, Essex, U.K. 
Phenylmethylsulphonyl fluoride (PMSF) was from 
Sigma. Tissue culture medium RPMI 1640 and 
fetal calf serum were obtained from Gibco-Biocult 
Ltd. 

The mouse lymphoma cell line, AKR-A, was 
kindly provided by Professor I. MacLennon, De- 
partment of Experimental Pathology, Birmingham 
University, U.K. 


Methods 


Isolation of A- and B-chains 

Ricin was split into its constituent chains by 
reduction with 2-mercaptoethanol followed by 
ion-exchange chromatography on DEAE-Seph- 
arose (Pharmacia). The A-chain was further puri- 
fied by passage through asiolofetuin-Sepharose 
and the B-chain was further purified by ion-ex- 
change chromatography on CM-Sepharose 
(Pharmacia) [13]. Ricin A-chain was fractionated 
on a Con A-Sepharose column into a non-binding 
component, A-chain Con A(—), and a binding 
component, A-chain Con A(+), which was eluted 
from the column with methyl a-mannoside as 
described previously [13]. Concanavalin A has a 
high affinity for trumannosidic core structures [16] 
and preferentially binds the A-chains which con- 
tain the high mannose type oligosaccharide [13]. 


Deglycosylation of A- and B-chains 

A-chain or A-chain Con A(—) was treated with 
a-mannosidase as follows: 3 ml of A-chain at 
0.685 mg/ml in 0.2 M sodium citrate buffer (pH 
5.5) were treated with 0.75 U of a-mannosidase in 
the presence of 1 mM PMSF and left at room 
temperature for 2 days. B-chain at 2 mg/ml in 0.1 
M sodium citrate (pH 35.5) containing 0.2 M 
galactose, 0.25% 2-mercaptoethanol and 1 mM 
PMSF was deglycosylated using one of the follow- 
ing methods: (a) incubation with 10 mU/ml en- 
doglycosidase H for 3 days, (b) incubation with 
0.5 U/ml a-mannosidase for 3 days, (c) incuba- 
tion with 10 mU/ ml endoglycosidase H for 2 
days after which 0.18 U/ml of a-mannosidase 
(treated with 1 mM PMSF) was added and the 
incubation continued for a further 24 h. All in- 
cubations were performed at room temperature. 
After treatment, 2 mg of B-chain was filtered at a 
flow rate of 0.5 ml/min through a 1.5 ml Con 
A-Sepharose column equilibrated with phosphate- 
buffered saline containing 0.1 M galactose. Bound 
material was eluted from the column with phos- 
phate-buffered saline containing 0.2 M methyl 
a-mannoside and 0.1 M galactose. The total pro- 
tein recovered from the column was always greater 
than 90% unless stated otherwise. 


Recombination of A- and B-chains 

Ricin A-chain and B-chain (deglycosylated or 
untreated) were recombined to form the holotoxin 
using the method of Uchida et al. [17], with slight 
modification. 1 mg each of A- and B-chain were 
mixed. The concentration of galactose in the mix- 
ture was maintained at 0.05 M or more by the 
addition of solid galactose. The concentration of 
protein was then adjusted to 400 pg/ml with 
phosphate-buffered saline containing 0.1 M 
galactose. Dithiothreitol (final concentration 25 
mM) was added, after which the solution was 
dialysed extensively in 5 1 of 10 mM sodium 
phosphate (pH 6.2) containing 50 mM galactose. 
The solution was then dialysed, 3 x 2 h, in the 
above buffer containing 50 uM 1,10-phenanthro- 
line hydrate and 10 uM CuSO,, two agents which 
promote oxidation-induced disulphide bond for- 
mation [18,19]. The solution was dialysed over- 
night in 10 mM sodium phosphate buffer (pH 6.2) 
containing 50 mM galactose and, thereafter, the 
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solution was dialysed extensively in phosphate- 
buffered saline. The dialysed solution was passed 
through a 0.22 pm filter (Millipore) to remove any 
precipitated B-chain and was then applied to a 2 
mi acid-treated Sepharose 4B column (Pharmacia). 
The majority of the material bound to the column 
and was eluted with phosphate-buffered saline 
containing 0.1 M galactose. The amount of pro- 
tein that eluted from the column was measured by 
ultraviolet absorption at 280 nm and was always 
greater than 70%. Analysis by sodium dodecyl 
sulphate (SDS) -polyacrylamide gel electrophore- 
sis [20] showed that the recombined ricin migrated: 
with a molecular weight similar to that of native 
ricin (Fig, 3). The protein solutions were sterilised 
by filtration through a 0.22 pm filter and were 
stored at 4°C in the dark. 


Haemagglutination 

Haemagglutination assays on serial doubling 
dilutions of deglycosylated ricin were performed 
using neuraminidase-treated rabbit erythrocytes as 
has been previously described [21]. 


Inhibition of protein synthesis in reticulocyte 
lysate 

The concentration of A-chain (a-mannosidase 
treated or untreated) that caused a 50% reduction 
in [‘*C]leucine incorporation into trichloroacetic 
acid-precipitable material in a rabbit reticulocyte 
lysate system was measured of the method by 
Saragiacomo et al. [22]. 


Toxicity to cells in tissue culture 

AKR-A cells were incubated for 24 h with 
different preparations of toxin and their ability to 
incorporate [*H]leucine was measured 24 h later 
was previously described [23]. The concentration 
of toxin that produced 50% reduction in 
[*H]leucine incorporation (IC,,) was calculated. 
The standard deviation of each triplicate de- 
termination was always less than 5% of the geo- 
metric mean value. 


Toxicity to mice 

Ricin solutions in phosphate-buffered saline 
containing 2 mg/ml bovine serum albumin were 
injected intravenously into groups of three to five 
male CBA mice aged 12-16 weeks. The volume 
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injected was 0.25 ml per 25 g body weight. The 
LD,, was calculated according to Weil [24]. 


In vivo distribution 

Deglycosylated and untreated ricin solutions 
were labelled with ^I using the Iodo-Gen reagent 
(Pierce, Rockford, IL, U.S.A.) to a specific activity 
of 4-10° dpm/pg according to the manufacturer’s 
recommended instructions. The radiolabelled ricin 
solutions were adjusted to 20 ug/ml in phos- 
phate-buffered saline containing 5 mg/ml bovine 
serum albumin and to 4-10° dpm/ml by adding 
unlabelled homologue. Groups of three male 
Wistar rats, aged 10—14 weeks, were anaesthetised 
and injected via the tail vein with radiolabelled 
toxin solutions. The volume of solution injected 
into each rat was 0.25 ml/250 g body weight. 
After 15 min the animals were re-anaesthetised 
and bled by cardiac puncture, the blood being 
collected into heparinized tubes. The animals were 
killed and various organs were removed, weighed 
and their radioactivity measured using a United 
Technologies Packard y-counter. Results were ex- 
pressed as the percentage of the injected dose 


TABLE I 


localising to the tissues and all results were cor- 
rected for the blood volumes of the tissues which 
had been determined previously [25]. The blood 
volume of the rats was taken as 12.8 ml/200 g 
body weight [26]. Samples of blood, washed 
erythrocytes, plasma and washed 20% trichloro- 
acetic acid-precipitated plasma proteins were also 
measured for their radioactivity. 


Results 


Reconstitution of A- and B-chains 

Native and glycosidase-treated A- and B-chains 
were recombined in different combinations to pro- 
duce intact ricin that was deficient in carbohydrate 
in the A-chain, the B-chain or in both. The treat- 
ment of the individual chains used to form the 
toxins is listed in Table I. The enzyme-treated A- 
and B-chains recombined to form intact ricin with 
an intact interchain disulphide bond (Fig. 1). The 
variation in mobility of the different toxin prod- 
ucts relates to the level of carbohydrate removal. 
The yield of intact toxin from each recombination 
mixture was 70% or more. 


THE EFFECT OF ENZYMIC DEGLYCOSYLATION OF RICIN ON ITS TOXICITY 


Ricin Treatment 
A-chain B-chain 
s nt.° n.t. 
I Con A(~) 4 n.t. 
HI Con A(—), n.t. 
a-mannosidase 
IV Con A(—) a-mannosidase, 
Con A(+) 
V Con A(—) a-mannosidase, 
Con A(—) 
VI Con A(—) endoglycosidase H, 
Con A(+) 
VII Con A(~) endoglycosidase H, 
a-mannosidase, 
Con A(—) 
VIII Con A(—), endoglycosidase H, 
a-mannosidase a-rmannosidase, 
Con A( —) 


Toxicity 
in vitro in VIVO 
(%) * (LD;o, ng) 
100 110 
100 90 
106 90 

25 186 

25 180 
100 56 

25 90 

16 90 


a Toxicity expressed as a percentage of that of ricin I (IC;o = 2 82-1076 mg/ml) to AKR-A lymphoma cells in tissue culture. 
> The results for ricin I were the same as those for native untreated ncn 


€ n.t = not treated. 
d Separation on Con A: (—) = not bound; (+) = bound and eluted. 
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Fig. 1. Recombination of deglycosylated A- and B-chains 
Samples containing 10-12 ug of the mixture of A- and B-chains 
were electrophoresed in the following order: lane 1, nan HI; 
lane 2, ricin IV; lane 3, nan V; lane 4, ricin VI, lane 5, ricin 
VII; lane 6, ricin I. The treatments of the A- and B-chains that 
were recombined to form ricin are listed in Table I Native 
ricin had the same mobility as ricin I under these conditions 


Biological activity of deglycosylated ricin 

Haemagglutination assays showed that all the 
deglycosylated ricin preparations fully retained 
their ability to bind to galactose-containing oligo- 
saccharides on erythrocytes. Similarly reticulocyte 
lysate assays showed that the ribosome-damaging 
property of ricm A-chain was unimpaired after 
a-mannosidase or endoglycosidase H treatment 
(results not shown). 

Table I summarises the results of the toxicity 
tests on the different preparations of glycosidase- 
treated ricin. Neither a-mannosidase treatment of 
the A-chain nor endoglycosidase H treatment of 
the B-chain affected the toxicity of the recom- 
bined ricin to AKR-A celis in tissue culture. 
Fractionation of either A- or B-chains on a con- 
canavalin A column to remove material recognised 
by this lectin did not significantly affect the toxic- 
ity of the recombined toxins in vitro or in vivo 
(compare ricins I and II or IV and V). 

However, a-mannosidase treatment of the B- 
chain reduced the toxicity of the recombined ricin 
(preparations IV, V, VII and VITI) to a quarter of 
that of ricin that had been recombined from the 
untreated chains. 
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The least toxicity to mice was exhibited by 
ricins IV and V, which were approximately half as 
toxic as native ricin or ricin that had been formed 
from the untreated chains (ricin I). The greatest 
toxicity was exhibited by ricin VI, which was twice 
as toxic as ricin I. The most extensively deglyco- 
sylated preparations, ricins VII and VIII, had 
unaltered toxicity to mice. 


In vivo distribution of deglycosylated ricin 

Ricin I, which had been formed from untreated 
chains, was rapidly cleared from the bloodstream 
by the liver after intravenous injection into rats 
(Table ID. 15 min after injection 26% of the 
injected radioactivity had accumulated in the liver 
and only 24% remained in the blood. Deglyco- 
sylated ricin (ricin VHI) was cleared from the 
bloodstream by the liver more slowly than native 
ricin. Approximately 40% of the deglycosylated 
toxin remained in the blood 15 min after injection 
and only 10% was present in the liver (Table II). 
Little or no difference was seen in the accumula- 
tion of the deglycosylated ricin compared to the 
native toxin in other organs. Of the radioactivity 
in the blood, 92.3 (+0.4)% was in the plasma, 89.3 
(+2.1)% of which was precipitable with trichloro- 
acetic acid. 


TABLE II 


TISSUE DISTRIBUTION OF NATIVE AND DEGLYCO- 
SYLATED !”]-RICIN IN RATS 


Groups of three rats were injected intravenously with 5 ug 
125] .ricin E or with 5 ug 5I-ricin VIII and the percentage of 
the injected radioactivity in the tissues shown was measured 15 
min later. Results represent one standard deviation about the 
arithmetic mean of triplicate determinations 


Organ or tissue Distribution (% of injected dose) 


ricin I ricin VIII 
Liver 26 2+2.4 101+01 
Spleen 6.2+0.6 6.44+0.5 
Kidney * 24+0.1 31+01 
Heart 0440.3 0.4404 
Lung 30+01 3.2+04 
Blood 2434+0.8 38.6+31 


* Both organs taken 
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Discussion 


The major finding in the present study is that 
the enzymic removal of carbohydrates from ricin 
causes a decrease in cytotoxicity to cells in tissue 
culture, an increase in toxicity to mice and re- 
duced clearance by the liver. 

a-Mannosidase treatment of B-chain reduced 
the cytotoxic activity of the recombined ricin pre- 
parations (ricins IV, V, VII and VIII) whereas the 
removal of one complete oligosaccharide with en- 
doglycosidase H treatment did not. None of the 
preparations showed any reduction in haemagg- 
lutinating activity, suggesting that the terminal 
mannose residues on the endoglycosidase H-re- 
sistant oligosaccharide on the B-chain play a role 
in toxicity which is unrelated to cell binding. One 
possibility is that the mannose residues are needed 
to maintain the conformation of the B-chain or of 
the toxin itself so that their removal reduces the 
ability of the B-chain to assist the passage of the 
A-chain across the cell membrane to the cytosol. 
Alternatively, changes in conformation of the B- 
chain after mannose removal could render the 
toxin more susceptible to cleavage by cellular thiols 
or proteolytic enzymes. 

The in vivo toxicity of the various ricin pre- 
parations did not parallel their in vitro toxicity. In 
particular, the most highly deglycosylated toxin 
preparations (ricins VII and VIII), which were 
4—5-fold less toxic than native ricin in vitro, did 
not show decreased toxicity to mice. Ricin VI, 
which had unaltered toxicity in vitro, was twice as 
toxic to mice. It is possible that the tissue or organ 
that is the target for ricin in the mouse does not 
have the same reduced sensitivity to deglyco- 
sylated ricin as AKR-A cells. Alternatively, the 
slower in vivo clearance of deglycosylated ricin 
could allow more of the toxin to reach the target 
organs and thus counteract the loss in cytotoxicity 
of the toxin resulting from deglycosylation. 

Ricin that had been formed from the most 
extensively deglycosylated A- and B-chains showed 
reduced hepatic uptake after injection into rats 
and the blood levels of the deglycosylated toxin 
were correspondingly higher. This result accords 
with our earlier findings with chemically deglyco- 
sylated ricin [12]. The reduced hepatic entrapment 
of the deglycosylated toxin probably relfects the 


fact that the removal of carbohydrate from the 
toxin would prevent its recognition by the man- 
nose receptors present on the non-parenchymal 
cells. In support of this, we have previously shown 
that a-mannosidase-treated A- and B-chains are 
taken up more slowly than native ricin A- and 
B-chains by hepatic non-parenchymal cells in vitro 
[27]. 

In conclusion, the enzymic removal of oligosac- 
charides from ricin retards its hepatic clearance 
from the bloodstream. Immunotoxins prepared 
from deglycosylated ricin should thus have a 
greater change of reaching their target cells in 
vivo. This may offset the slightly (2—5-fold) re- 
duced toxicity to target cells in vitro that was 
observed by Vitetta and Thorpe [28] with im- 
munotoxins prepared from chemically deglyco- 
sylated A- and B-chains and which, from the 
present results, is to be expected with immunotox- 
ins made from enzymically deglycosylated chains. 
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Organothallium(III) reagents for modification of biomacromolecules: 
interaction of thallium derivatives with transfer RNA 
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As an extension of work on the inhibition of enzymes by arylthallium(III) reagents, the thallium analogues 
of the organomercurials, we have studied the interactions of these molecules with transfer RNA. In contrast 
to thallous acetate, thallium(II]) derivatives (thallic trifluoroacetate, p-methylphenylthallium(II)) bis-trifluo- 
roacetate (MPT) and o-carboxyphenylthallium(IID) bis-trifluoroacetate) bound to Escherichia coli tRNA. 
The interaction was fully reversible upon Sephadex G-25 gel filtration, and binding constants and 
stoichiometries were evaluated by a number of procedures. The likely site of interaction was shown to be the 
thiouridine residue (s*U,) based on changes induced by MPT on the absorbance around 330 nm. No 
changes in stacking interactions could be detected from the absorption or circular dichroic spectra. The 
detailed structure of the groups on thallium(II]) affected the interaction with tRNA. Thalliation at s*U, 
affects the absorbance at 335 nm and the amino-acid uptake capacity of E. coli tRNA" in parallel, the 
latter being progressively inhibited by increasing amounts of MPT. In a model nucleoside system, uridine 
disulphide is probably formed from reduced thiouridine by the oxidative action of the TII) reagents. No 
evidence of cross-linking of E. coli tRNA molecules under gel electrophoretic conditions was obtained in 
contrast to the model nucleoside. The easily reversible interaction of MPT with sulphur sites in E. coli 
tRNA contrasts with the stable (to gel filtration) bonds formed between MPT and (thiol) sites in enzymes. 


Introduction 


We have recently introduced organo- 
thallium(iII) reagents (1, ArTIL,) as a new ap- 
proach to label proteins specifically and inactivate 
enzymes [1]. Thallium reagents offer a number of 
potential advantages in biological studies. By 
analogy with the common organomercurials, we 


Abbreviations: CD, circular dichroism; tRNAP®*, transfer 
ribonucleic acid, phenylalanine-specific; MPT, p- 
tolylthallium(II]) bis-trifluoroacetate; CPT, o-carboxy- 
phenylthallium(IID bis-trifluoroacetate; USH, 4-thiouridine, 
reduced form; USSU, 4-thiouridine disulphide 


Correspondence’ Dr. K.T Douglas, Department of Chemustry, 
University of Essex, Colchester, Essex, CO4 348Q, U K. 


reasoned that organothallium(II]) derivatives 
might be expected to prefer ‘softer’ sites in bio- 
molecules (e.g. sulphur, nitrogen). However, in 
contrast to the traditional organomercurials these 
new reagents have a number of important proper- 
ties. Firstly, the stable isotope 7° Tl (spin 4, 70.48% 
natural abundance) is an NMR-active nucleus with 
a chemical shift range over approx. 2000 ppm. It 
is 19.2% as sensitive in NMR as the +H nucleus, 
and Tl-H coupling constants are extremely large 
[2]. There have been a few cases of the use of TI 
NMR to obtain structural information in protein 
chemistry but, with the exception of a recent study 
on transferrin with the Tl?* ion [3], these have 
simply used TI* as a substitute for K* ions [4-6]. 
Secondly, ArTIL, species have two displaceable 
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ligands (L is usually CF,CO;) making them 
potential cross-linking reagents (cf. ArHgCl which 
is monofunctional at mercury). Further, the 
TIdiD/ Tid) redox change is accessible and pH 
dependent and one may anticipate redox modifi- 
cations at biological sites under some appropriate 
circumstances. 


CF,CO, 
{G} 
CF,CO, X 
1: (a) X = pCH, (MPT) 
(b) X = oCO,H (CPT) 


The nature of the pendant groups (aryl for la 
and Ib, CECO; for Tl(O,CCF,),) affects the 
specificity of these reagents for enzymes, e.g., 
lactate dehydrogenase from various species [1], 
phosphoglycerate phosphokinase [7], glyceralde- 
hyde-3-phosphate dehydrogenase [7]. 

There are reports of efficient interactions of 
Tl* -(as a K* replacement) with ribosomes and of 
effects on aminoacyl-tRNA binding and peptidyl 
transferase activity [8,9]. Poly(U)-directed binding 
of tRNA to mammalian ribosomes is stimu- 
lated effectively by T1* [9,10]. We now report on 
the selective modification of Escherichia coli tRNA 
with arylthallium(IIJ) reagents (1), indicating that 
these reagents may serve as potential probes not 
only of proteins but also of these nucleic acids. 


Materials and Methods 


Chemicals 

The following were purchased from Sigma 
Chemical Co. (St. Louis, MO): trifluoroacetic acid; 
transfer RNA (Baker’s yeast type X; E. coli strain 
W, type XXI; E. coli tRNA, type XXI); transfer 
RNA, phenylalanine-specific from E. coli type 
XXI; uridine disulphide; thallous acetate, Seph- 
adex G-25. Thallic trifluoroacetate was purchased 
from Aldrich Chemical Co. (Dorset, U.K.). Buffers 
were prepared from Analar quality materials using 
glass-distilled water. Dimethyl sulphoxide 
(DMSO) was purified by drying overnight over 
CaSO, and fractional distillation from CaH, and 
was stored over a molecular sieve (type 4A) under 
nitrogen. Radiolabelled toluene was from 
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Amersham International PLC. Crude tRNA 
amino-acid synthetase was prepared by the method 
described in Refs. [11 and 12]. 


Synthesis of p-methylphenylthallium(I11) bis-trifluo- 
roacetate (MPT) 

This was prepared by a modification of the 
method of McKillop et al. [13]. Thallium trifluoro- 
acetate (5.1 g, 9.4 mmol) in redistilled trifluoro- 
acetic acid (18 ml) was added dropwise to toluene 
(1.0 ml, 0.867 g, 9.4 mmol) in trifluoroacetic acid 
(18 ml) and the mixture was allowed to stand at 
room temperature overnight. The resulting white 
crystals of product were isolated after washing 
with cold carbon tetrachloride and dried by suc- 
tion to give the product, 1.5 g, m.p. 169-185°C 
(in Ref. 13, 174—190°C). The proton and “TI 
NMR spectra were in agreement with the pro- 
posed structure. MPT is now commercially availa- 
ble (Sigma Chemical Co., St. Louis, MO). 

A similar procedure was adopted for the pre- 
paration of ‘C-labelled MPT ('4C-MPT). To 
[methyl-4C}toluene (5.2 umol, 250 pCi), in the 
ampoule in which it was received under vacuum, 
was added redistilled trifluoroacetic acid (10.08 
ml), and the solution was transferred to a small 
flask. Non-radioactive toluene (0.56 ml) was ad- 
ded. Thallic trifluoroacetate solution (2.86 g in 
10.08 ml trifluoroacetic acid) was added dropwise 
and the resulting mixture was left at room temper- 
ature overnight. Product was isolated, purified.and . 
characterised as previously. The specific radioac- 
tivity was determined to be 7.86 - 104 cpm/pmol. 

Concentrations of MPT solutions were esti- 
mated from the absorption coefficient of 1.08 - 104 
M~?-cm! at 230 nm which had been determined 
for a carefully purified cold sample. 


Methods 

Ultraviolet-visible spectrophotometry was car- 
ried out using a Carlo Erba Spectracomp 601. 
NMR spectra were obtained using a Bruker WP80 
SY instrument, fitted with a thallium probe when 
necessary. Scintillation counting was effected by 
means of a three channel Betaszint BF5000 coun- 
ter. Studies by Sephadex G-25 gel filtration were 
carried out using a Pharmacia FRAC 100 fraction 
collector and UV (254 nm) monitor system. An: 
Amicon MPSI1 micropartition system with YM10 
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ultrafilters was used in combination with an MSE 
High Speed 25 Centrifuge for some binding assays 
using 4C-MPT. 

Atomic absorption measurements of the thal- 
lium contents of samples were performed using a 
Varian Atomic Absorption Instrument, with a 
thallium lamp, according to the supplier’s instruc- 
tions (with thallic tnfluoroacetate as standard). 


tRNA aminoacylation assay 

The method used was a combination of proce- 
dures described in the literature [11,12,14,15]. E. 
coli tRNAP# (100 ul of 1075 M) was incubated in 
a small tube with 100 ul of an ‘incubation mix’ 
which was made up of the following: Tris 40 
mol, MgCl, 4 umol, EDTA 0.5 pmol, ATP 1 
pmol and KCl 40 pmol, and to which had been 
added 50 pl/ml 1-[U-“C]phenylalanine and 100 
ul/ml of crude tRNA amino-acid synthetase. 
After incubation (5 min) in the tube, 100 u1 of the 
mixture (tRNA™! plus ‘incubation mix’) was put 
onto a filter-paper disc (3 MM Whatman, 30 mm 
diameter), which was then plunged into cold 10% 
trichloroacetic acid/0.1 M KCI to precipitate the 
tRNA. This disc was then washed with 10% tri- 
chloroacetic acid followed by 0.5 M NaCl, 10% 
and 5% trichloroacetic acid in turn. The discs were 
air-dried and counted in a scintillant (4% BBOT in 
toluene). 


Results 


Thallium reagents were added to E. coli tRNA 
in 0.1 M Tris buffer at pH 7.50 (containing 0.1 M 
NaCl and 10 mM MgCl.) at 25.0°C. In some 
cases changes in the absorption spectra were ob- 
served. Thus, in Fig. 1 the spectra in the region of 
the 335 nm band of tRNA in the presence and 
absence of MPT (1.7 -1074 M) are shown. It is 
clear that the addition of this organothallium(II]) 
derivative causes a significant diminution of this 
spectral characteristic, which is ascribed to the 
thiouridine, s*U, [16]. In contrast, for this same 
system there was no detectable change in the 
absorption at 260 nm, a spectral band which re- 
flects the environment of the bases. 

Similar effects were observed with E. coli tRNA 
and CPT at the same concentrations and under 
the above conditions. However, the addition of an 
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Fig. 1. Spectral effects of MPT on E. coh transfer RNA. 
Spectra of E. col tRNA (6.6 pM) in 0.1 M Tris buffer (pH 
7.50, 0.1 M NaCl, 001 M MgCl.) alone and with added MPT 
(1.7 107$ M) at 25°C 


approx. 10*-fold molar excess of thallous acetate 
(T1*) to E. coli tRNA had no detectable spectral 
effects at 260 nm or at 335 nm (see Fig. 2). There 
is clearly no significant change in the 335 nm 
band (see inset) and the spectrum marked ‘mix- 
ture’ (main body) was the accurate summation of 
the component spectra of tRNA and _ thallous 
acetate, which were recorded digitally in separate 
experiments. 
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Fig. 2. Spectral studies of E. colt transfer RNA with thallous 
acetate. Spectra of thallous acetate (TI*AcO™, 4.8 mM), E. 
colt tRNA (0.57 pM) and a mixture of them (TIt OAc” = 48 
mM, tRNA = 0.57 uM) in pH 750 Tris buffer (0.1 M Tris 
containing 0.1 M NaCl and 0.01 M MgCl,) at 25°C. A digital 
recording of wavelength/absorbance was also taken (200 
points) over the wavelength range indicated in the diagram to 
allow summation of tRNA plus TIOAc spectra at each wave- 
length for comparison with the (digital) spectrum of the mix- 
ture. The inset shows the expanded region of the 335 nm band 
under the above conditions 


Reversibility of tRNA thalliation 

The reversibility of the interaction of MPT with 
E. coli tRNA was studied by incubation tRNA 
(3.0 ml, Azs = 2.05) with *C-MPT (8.3- 107° M, 
7.86 -10* cpm/pmol), in 0.1 M Tris buffer (pH 
7.50, 0.1 M NaCl, 0.01 M MgCl,) for 1 hour at 
ambient temperature. This mixture was studied 
spectrophotometrically to ascertain that reaction 
of the thallium reagent with the thiouridine was 
complete, with maximal change in the 335 nm 
band, as described above (cf. Fig. 1). The product 
mixture was loaded onto a Sephadex G-25 column 
(30 x 2 cm) preequilibrated with 0.1 M Tris buffer 
(pH 7.50, 0.1 M NaCl, 0.01 M MgCl.) and sub- 
jected to gel filtration with the same buffer for 
elution. The fractions were monitored both using 
the absorbance at 254 nm and by removing 
aliquots (0.1 ml) for scintillation counting in a 
mixture of ethanol (1.5 ml) and toluene (3.5 ml, 
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Fig. 3. Chromatography of MPT-treated E. coli transfer RNA. 
Elution profile (G-25) of 4C-MPT-treated E. coli tRNA in 
pH 7.50 Tris buffer (01 M NaCl, 001 M MgCl,), O------ O 
refers to the results of scintillation counting (cpm) of aliquots 
of the fractions and a à shows the absorbance at 254 
nm of the fractions. The inset shows the spectra in the 335 nm 
region of the tRNA fraction obtained by this procedure com- 
pared with that of a control tRNA sample, at the same 
concentration and treated similarly (i e., incubation, gel filtra- 
tion, etc.) but withaut 14 C-MPT treatment. 
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0.6% w/v BBOT). The elution profile is shown in 
Fig. 3. It is clear that there is no significant level 
of radioactivity associated with the tRNA fraction 
which eluted first and that unbound labelled thal- 
lium reagent is well resolved from the nucleic acid 
peak. 

In the inset to Fig. 3 are shown the spectra in 
the 335 nm region of the control tRNA (treated 
similarly to the above but with no 1*C-MPT added) 
and the MPT-treated tRNA after Sephadex G-25 
reisolation. Passage over this gel filtration column 
restored the absorption band at 335 nm effectively 
quantitatively (the slight difference in the spectra 
is likely to be artefactual given the small ab- 
sorbance changes involved). There was no signifi- 
cant change in the 260 nm spectral band after 
14C-MPT treatment and gel filtration. These 
observations indicate that the thalliation of tRNA 
by MPT is fully reversible by this criterion under 
these conditions. 


Measurements of binding constants 

The extent of change in the 335 nm band 
intensity relative to free tRNA depended on the 
ratio of added arylthallium(IIJ) reagent (ligand) to 
the free tRNA present. This was analysed in a 
number of ways. 

A Job plot was constructed by varying the 
ligand/tRNA ratio at a constant total concentra- 
tion of 3- 107° ((MPT] plus [tRNAJ). The change 
in absorbance at 335 nm (44A,,,) was plotted 
against the mole fraction of MPT present (Fig. 4, 
inset) and indicated a 1:1 complex as the maxi- 
mal change in absorbance was at 0.5 mole fraction 
of MPT. 

The same system was studied to obtain data for 
a Scatchard plot using Egn. 1: 

r n r 


MPT] K; K @) 





where K, is the dissociation constant of the 
MPT-tRNA complex (1/K,; = K, the equilibrium 
constant), n is the number of binding sites and r 
is the ratio of [MPT], oun to [IRNA], ota Linear 
regression analysis of the data gave K=7.25+ 
0.19 - 104 M7 i.e., Ka = 1.37 + 0.04-107° M (for 
[tRNA] ota = 3.50 1075 M and [MPT] ota in the 
range 5.00 -107° M to 1.37 -1074 M). From the 
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Fig 4. Binding of MPT to E colt transfer RNA. Plot of- 


spectrophotometric data for the interaction of E colt tRNA 
with MPT at 25°C in pH 7.50 Tns buffer (0.1 M NaCl, 001 M 
MgCl.) using Eqn. 1. Measurements were made at 335 nm ata 
tRNA concentration of 5.8-1076 M with varying levels of 
MPT, ranging from 6.25-107% M to 1.3-107* M Points are 
experimental, and the line was obtained by least-squares linear 
regression analysis. 


Scatchard analysis it appears that under these 
conditions there is only one class of binding site 
and that the number of binding sites per tRNA 
molecule is one (n = 1.05 + 0.04). 

We also measured the binding by an indepen- 
dent technique following the procedure of Armor 
and Haim [17]. This has been used previously to 
measure the binding of arylmercury derivatives to 
thioguanines [18]. The spectral changes of the 
tRNA at 335 nm for 1:1 binding (see Job and 
Scatchard analyses) can be written [17] in the form 
of Eqn. 2: 





[MPT] 1 1 1 a 


“K (A-A) (0-83) 


for 1 cm pathlength, where [MPT] is the total 
MPT concentration, A is the absorbance of 
tRNA/MPT mixtures (corrected for absorbance 
of the blank), A, and A,, are the absorbances of 
tRNA and the tRNA-MPT complex (formed 
according to eqn. (3)), respectively, at the same 
tRNA concentrations. The absorption coefficients 
of tRNA and the complex are e, and es, respec- 
tively. 


K 
MPT + tRNA MPT- tRNA (3) 


The equilibrium constant for binding is K. The 
value of A,, was obtained by extrapolation to 
1/[MPT] = 0 on a plot of 4.43;} versus [MPT] t. 
A plot of the data obtained at 25°C is shown in 
Fig. 4, from which the slope of the graph obtained 
by least-squares linear regression analysis allowed 
calculation of K = 7.69 + 1.02 -104 M7}. 


Aminoacylation of MPT-treated E. coli tRNA" 

E. coli tRNA®® (1.36 -10~> M) was incubated 
with MPT (1.20-107° M) for 1 h at 25°C in pH 
7.50 buffer at 25°C and an aliquot (100 zl) was 
taken for assay. Controls of tRNA‘ * with enzyme 
or ethanol (the solvent in which MPT was dis- 
solved) were compared. The following results were 
obtained and are quoted as the system used with 
observed counts per min of assay disc in parenthe- 
ses: enzyme alone (145); tRNAP®* with ethanol 
and enzyme present (5235); tRNA?®* with MPT 
and enzyme (2618). Clearly MPT causes a de- 
crease in amino-acid uptake in this assay. The 
experiment was repeated using a range of con- 
centrations of MPT with E. col tRNA™ (1 - 107° 
m), also recording the change in intensity of the 
335 nm band of tRNA on MPT treatment. The 
data are shown in Fig. 5 as plots of assay activity 
(cpm, amino-acid uptake by tRNA) and 4,,, vs. 
the concentration of tRNA present. 
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Fig. 5. Effect of MPT on amino-acid uptake by E colt transfer 
RNA. Plot of the changes in the absorbance at 335 nm (A335) 
of E. colt tRNAP* (1-1075) (O) and amino-acid uptake in 
cpm (QO) in pH 7.50 buffer at 25°C concentration of MPT 


Model reactions of MPT with thiouridine 

The interaction of arylthallium(III) derivatives 
was suspected to involve thio-bases and conse- 
quently a simplified system was studied to con- 
firm this, Thiouridine (USH) was prepared in situ 
(in a spectrophotometer cuvette) by reduction of 
thiouridine disulphide (USSU, 1.2-10~* M) by 
sodium dithionite (6.7 -107° M) in pH 7.50 Tris 
buffer, 0.1 M NaCl, 0.01 M MgCl,. On addition 
of the sodium dithionite to USSU the spectrum of 
thiouridine disulphide (Fig. 6), with À max = 310 + 
1 nm; Ena = 28-104 M~'-cm™}, was replaced 
by that of thiouridine with À nas = 331 nm, Emax = 
20000 M~!-cm7!. Addition of MPT (final con- 
centration 1.67 -1074 M by addition of 50 ul of 
0.01 M stock in dimethyl sulphoxide to 3.0 ml of 
USH in buffer) led to an immediate spectral 
change. The peak at 331 nm characteristic of USH 
was replaced by a peak at 312 nm similar in shape 
to that from USSU but of intensity greater by 
some 30% at À max- This increased intensity prob- 
ably indicates the formation of absorbing thallium 
products but the shape of the peak from USH 
plus MPT is closely comparable in gross features 
to that of the parent USSU, perhaps indicating 
that this is formed also. 


Discussion 
Site of attack 


Arylthallium({II]) reagents are efficient and 
selective reagents in protein modification, having 


aes USS + MPT 
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Fig. 6. Spectral studies of MPT with thiouridine. Spectra of 
USSU (1.2-1075 M), of USH (2.3-1075 M) and a mixture of 
USH (2.3 1075 Mj with MPT (1.67-1074 M) in pH 7.5 tns 
buffer, 0.1 M NaCl, 0.01 M MgCl, at 25°C. 
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been used to modify a number of enzymes in- 
cluding lactate dehydrogenase [1] and phospho- 
glycerate phosphokinase (Ref. 7 and M.A. Bunni 
et al., unpublished data). In these systems, treat- 
ment with I led to inactivation of the enzyme 
activity and there was an attendant loss in thiol 
titre. This is in line with the concept of ‘hard’ and 
‘soft? acids and bases [19] — TKI) would be 
anticipated to have an affinity for softer sites, e.g., 
S and N. 

There are a number of pieces of evidence which 
point to an apparently similar mode of attack for 
these arylthallium(III) species with E. coli tRNA. 
The absorbance band around 335 nm of E. coli 
tRNA has been ascribed firmly to the thiouridine 
base [16,20,21]. Treatment with MPT or CPT 
selectively diminishes this absorption in a con- 
centration-dependent manner. Organomercurials 
also react with the thiouridine, although the tRNA 
must be denatured first to achieve reaction. 
Mercuric chloride reacts with thiouridine in E. 
coli tRNA‘! (native) but this tRNA must have its 
tertiary structure labilised to allow reaction with 
p-hydroxymercuribenzoate (PHMB) [18]. In con- 
trast, Pal et al. [21] reported that PHMB reacted 
with native E. coli tRNA to diminish the 330 nm 
absorbance, but that dialysis in the presence of 
Mg?* led to regeneration of the spectrum. Penta- 
fluorophenylmercuric chloride reacts with tRNA’ 
to give a stable derivative [20]. The thallium(II]) 
derivative reacts with native tRNA to give a rea- 
sonably strong complex, which is dissociated on 
G-25 gel filtration in the presence of Mg2* ions, 
in line with the results of Pal et al. [21] for 
organomercurials. Yeast tRNA with no thiouri- 
dine base (U, instead of s*U,) is unaffected by 
MPT or CPT. 

In the model system, treatment of reduced 
thiouridine by addition of ‘MPT leads to loss of 
the reduced USH band around 331 nm, probably, 
from the spectral results, with formation of USSU. 
Clearly, for the free nucleoside TIQII) can not 
only react at the sulphur site, but also exert its 
well-established [22] oxidising power, a simple 
scheme being given in Eqn. 4. 


2 USAH U 4 
si im SSU (4) 
MPT TI(1), ete. 
(TID) 
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Scheme I 


Nature of the thalliation of tRNA 

The behaviour of MPT with tRNA contrasts 
with protein systems. For example, enzymic activ- 
ity is lost irreversibly and thalliation of the protein 
is stable to gel filtration over G-25 (ref. 7, and 
M.A. Bunni et al., unpublished data). However, 
the interaction of E. colt tRNA with MPT is 
clearly reversed by passage over G-25. This is 
noteworthy in view of the behaviour of the model 
(isolated thiouridine) system. We found no elec- 
trophoretic evidence for significant amounts of 
tRNA dimers (cross-linked through s*U,) after 
treatment with MPT. This, along with the reversi- 
bility of binding and 1:1 stoichiometry, suggests a 
monofunctional modification by TIID at s*U, 
(Scheme J) as a minimal mechanism. The mecha- 
nism is indicated as a nucleophilic displacement at 
TIMID, but as the aqueous solution structure of 
these TI(III) species is not yet established one 
cannot safely define it as S,2 (synchronous, as 
written) or Spl (with ArTIL* or ArT1?* or their 
aquo forms reacting). It is possible that the second 
trifluoroacetoxy ligand is also displaced by another 
group on the tRNA (e.g., a nitrogen atom of a 
base or a COZ or -PO?” group) site to give a 
chelate. 

Crude E. coli tRNA also reacts (with decrease 
in A,,,;) when there is an ortho-carboxy on the 
aryl residue (CPT) instead of the methyl group 


(MPT). The reactivity of CPT was found to be 
somewhat less than that of MPT in preliminary 
experiments. There were also significant precipita- 
tion problems with CPT. 

Thallic trifluoroacetate (TTFA) was found to 
react with crude E. coli tRNA with a different 
stoichiometry ({tRNA]/[TTFA] = 3). 

In contrast to these thallium(III) reagents E. 
coli tRNA seems to have no reactivity (as reflected 
by changes in 433; or Asg) with the thallous ion 
(thallous acetate was used). The spectra obtained 
were identical to those of controls even in the 
presence of 0.1 M thallous acetate. 

The effect of thalliation appears to be a local, 
reversible modification at s*U, and limited to 
thallium(III) reagents. Circular dichroism spectra 
of tRNA in the presence and absence of MPT 
indicated that the modification of s*U, had no 
major effect on stacking interactions (S. Baindur, 
A.F. Drake and K.T. Douglas, unpublished 
observations), borne out by the lack of change in 
the absorbance at 260 nm in the spectrum. The 
parallel behaviour towards MPT concentration of 
the amino-acid uptake and AA; studies (Fig. 5) 
indicates that modification of s*U, in this way 
probably affects amino-acyl uptake, although with 
the use of a crude tRNA amino-acid synthetase 
preparation further study is clearly required in this 
aspect. Chemical or photo s*U, modifications have 
been reported in the literature to leave amino-acid 
uptake unaffected [16,23] or to diminish [25] or 
abolish it [20,24]. Given the (usually) irreversible 
reaction of MPT with enzymes (Refs. 1, 7 and 
M.A. Bunni et al., unpublished data) it is possible 
that MPT might be useful in cross-linking studies 
of tRNA with enzymes (e.g., tRNA amino-acid 
synthetase} or ribosomal proteins, with the link to 
the tRNA being formed reversibly in contrast to 
that with the protein. In this context it is note- 
worthy that it has been suggested [24,26] that 
there is a transient covalent interaction between 
tRNA synthetase and the 5,6 double bond of the 
U, or s*U, residue. 
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A membrane-bound nonspecific triphosphatase of E. coli was solubilized and purified to a homogeneous 
SDS-acrylamide gel electrophoresis band. It was found to be a single polypeptide of 16 kDa requiring no 
Mg?+*, with an optimal pH at 6.5. The substrate specificity was broad and a nonspecific Mg**-independent 
ribonucleoside-triphosphatase (NTPase) activity was expressed together with thiamin-triphosphatase activ- 
ity. The molecular size and characteristics were clearly different from the known NTPases (EC 3.6.1.15). 
Using the purified thiamin-triphosphatase II, ATP: thiamin-diphosphate phosphoryl transferase (EC 2.7.4,15) 
activity was demonstrated with an optimal pH of approx. 5.3. Considering its kinetic parameters and other 
characteristics, however, the thiamin triphosphate synthesizing activity was not thought to take part in 
cellular thiamin triphosphate synthesis. The possibility that thiamin-triphosphatase II plays a part in the 
hydrolysis of thiamin triphosphate to control its cellular level is suggested. 


Introduction 


In a preliminary study, we found thiamin-tri- 
phosphatases of Escherichia coli. Mg**-dependent 
thiamin-triphosphatase I was mainly in the soluble 
fraction and thiamin-triphosphatase II was 
solubilized from the membrane. Thiamin-triphos- 
phatase IT had a smaller K,, for thiamin triphos- 
phate, and it seemed likely that this enzyme had 
some role in the control of cellular thiamin tri- 
phosphate at relatively low concentrations. We 
have tried to purify thiamin-triphosphatase II and 
then to examine the relation between its thiamin- 
triphosphatase and nucleoside-triphosphatase 
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(NTPase) activities. There appears to be no close 
relationship between the two enzyme activities in 
the rat [1,2]. It has also been reported that thia- 
min-diphosphatase and nucleoside-diphosphatase 
(NDPase) in bovine liver and rat brain are two 
activities expressed by one enzyme [3,4]. The re- 
sults of our studies showed that thiamin-triphos- 
phatase II of E. coli displays a novel nonspecific 
NTPase activity. 

An earlier report [5] explored biosynthesis of 
thiamin triphosphate and suggested the presence 
of a thiamin triphosphate synthesizing activity in a 
subcellular fraction of Mycobacterium, We tried to 
detect it in E. coli and found that, among several 
subcellular fractions which showed the activity, 
the same fraction as thiamin-triphosphatase II was 
included. However, characterization of apparent 
thiamin triphosphate synthesizing activity revealed 


0304-4165 /87 /$03.50 © 1987 Elsevier Science Publishers B.V. (Biomedical Division) 


that optimum conditions for this activity differed 
from the physiological state of bacterial cells both 
kinetically and in other characteristics. The ap- 
parent reversible character of the thiamin-triphos- 
phatase II reaction was shown by detecting both 
thiamin-triphosphatase and thiamin-diphosphate 
kinase activities in the purified enzyme prepara- 
tion. 


Materials and Methods 


Strain, medium, and culture conditions. Thiamin- 
triphosphatase I] was prepared from cells of 
Escherichia coli W70-23 (thiamin~) grown in a 
synthetic minimal medium [6] at double strength 
supplemented with 1 -1078 M thiamin. Cells were 
grown for approx. 12 h at 37°C under aerobic 
conditions to early stationary phase. 

Assay of thiamin-triphosphatase II and NTPase. 
The reaction mixture contained enzyme, 0.1 M 
Tris-maleate buffer (pH 6.5), 40 mM KCI, 0.2 mM 
2-mercaptoethanol, 0.05% Lubrol PX and 0.5 mM 
thiamin triphosphate or nucleoside triphosphate in 
50 pl. The mixture was incubated for 2 h at 37°C 
and the P, liberated was determined by the method 
of Concustell et al. [7], or by the method of 
Baginski et al. [8] for pre-gel filtration samples. 
Since thiamin-triphosphatase II expressed acidic 
NTPase activity, both thiamin triphosphate and 
ATP were used as substrate where indicated. The 
inhibitory effect of thiamin triphosphate against 
NTPase was studied using [° P]ATP as substrate, 
and approx. 0.26 pmol KH,PO, was added as 
carrier before developing a 10 yl aliquot of the 
reaction mixture on a cellulose MN300G thin 
layer plate (Macherey-Nagel), using tert-penta- 
nol/ formic acid/water (3:2:1, v/v) [9]. The P, 
spot was detected by spraying with Concustell’s 
reagents (urea-albumin-phosphate solution fol- 
lowed by malachite green solution) and develop- 
ing at 37°C for 15 min. The green spot was 
removed, added to a scintillation vial with a 
toluene based scintillator and counted in a liquid 
scintillation counter. 

Assay of thiamin-diphosphate kinase and NDP 
kinase. The assay mixture contained enzyme, 0.1 
M potassium acetate buffer (pH 5.5), 40 mM KCl, 
2 mM 2-mercaptoethanol, 0.06% Lubrol PX, 0.27 
M thiamin diphosphate or CDP and 0.5 M [y- 
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P]ATP (2.5 mCi/mmol) in 25 pl. The reaction 
was carried out for 1 or 2 h at 37°C, and 5 pl 25 
mM thiamin triphosphate or CTP was added as 
carrier. The reaction proceeded linearly for at least 
3 h, and the rate was also linearly dependent on 
the amount of enzyme. For the Mg?*-NDP kinase 
assay, the buffer was Tris-HCl (pH 8.0), and 10 
mM MgCl, was added with 4 mM CDP and 6 
mM ATP [10]. The reaction was carried out for 10 
min and carrier was added as above. 10 ul was 
analyzed via high voltage paper electrophoresis at 
pH 6.0 (0.1 M sodium phosphate buffer), and at 1. 
kV and 100—300 mA for approx. 3 h in n-hexane 
maintained at below 10°C using Toyo No. 50 
paper (60 cm length). After drying, thiamin tri- 
phosphate and other components were detected 
under ultraviolet light. The areas were cut out of 
the paper, added to a vial containing toluene 
based scintillator and counted in a liquid scintilla- 
tion counter (efficiency, approx. 70%). A control, 
which had not received the substrate, was also 
assayed and the count level was subtracted from 
that of test assays. For assay of [°*P]P, liberated 
during thiamin [**P]triphosphate synthesis (Fig. 
3b), the assay mixture was developed on a cel- 
lulose MN300G thin-layer plate as above. 

Solubilization of thiamin-triphosphatase II. E. 
coli W70-23 cells were grown as above, pelleted, 
washed with cold 0.01 M Tris-HCI (pH 7.4) con- 
taining 0.03 M KCI at 4°C and shocked osmoti- 
cally. The shocked cell was dispersed in 10 mM 
Tris-HCl (pH 7.4) containing 0.5 mM 2-mercapto- 
ethanol (40 ml/liter culture) and disrupted in a 
milder manner by sonication. The undisrupted 
cells were spun down and washed with 30 ml/ liter 
culture of the same buffer. From the supernatant 
and the washing combined, membrane fraction 
was collected by 150000 x g centrifugation at 4°C 
for 120 min and washed with the same buffer. To 
the membrane fraction, 5 M NaClO, (in 0.1 M 
Tris-HCl (pH 7.4), 0.5 mM 2-mercaptoethanol 
and 1 mM EDTA) was added to give 0.5 M 
NaClO, and shaken gently for 20 min at 30°C. 
The solubilized thiamin-triphosphatase was ob- 
tained in the supernatant from the 150000 x g 
centrifugation at 4°C and dialyzed immediately as 
described below. 

Column chromatographic purification of 
thiamin-triphosphatase II. Procedures were carried 
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out at 4°C. Sample for Sephacryl S-300 gel filtra- 
tion was obtained after NaClO, solubilization, as 
described above, of the membrane fraction of E. 
coli W70-23, which had been cultured in three 
batches of 15 1 medium. The solubilized prepara- 
tion was dialyzed immediately against 50 mM 
Tris-HCl (pH 7.4) containing 1 mM 2-mercapto- 
ethanol, 1 mM EDTA and 0.05% Lubrol PX 
(buffer 1) added with 0.1 M KCI, and con- 
centrated by ultrafiltration before applying to the 
Sephacryl column. The sample for phosphocellu- 
lose chromatography was dialyzed against buffer 2 
(10 mM Tris-maleate (pH 6.5), 1 mM EDTA, 1 
mM 2-mercaptoethanol, 0.05% Lubrol PX, and 
0.17 M KCl). The column was pre-equilibrated 
and washed after sample application with the same 
buffer, and developed with a linear KCI gradient 
of 0.17-1.2 M (buffer 2). The sample for phenyl- 
Sepharose chromatography was passed, just before 
application, through a Sephadex G-25 column to 
equilibrate with 10 mM Tris-maleate (pH 6.5) 
containing 1 mM EDTA and 1 mM 2-mercapto- 
ethanol (buffer 3) supplemented with 4 M NaCl. 
Elution from a phenyl-Sepharose column (approx. 
10 ml gel) was carried out by a linear gradient of 
NaCl and nonionic detergent starting from buffer 
3 containing 4 M NaCl to the final buffer 3 
containing 0.4% Lubrol PX. Each fraction from 
phenyl-Sepharose was processed immediately 
through columns of Sephadex G-25 (2 X 8 cm) to 
re-equilibrate the buffer into buffer 1 containing 
0.1:M KCl. The sample of Blue Sepharose was 
dialyzed against 10 mM Tris-HCl, 0.5 mM 2-mer- 
captoethanol, 0.5 mM EDTA, 0.04 M KCl and 
0.05% Lubrol PX (pH 6.5) (buffer 4). Thiamin-tri- 
phosphatase II was eluted by a linear gradient of 
ATP and pH from 2 mM ATP in buffer 4 (pH 
6.5) to 18 mM ATP in buffer 4 (pH 7.4). 
Analytical methods and reagents. Molecular 
weight estimation by Sephadex G-200 chro- 
matography (2.5 x 90 cm) was carried out in buffer 
l containing 0.1 M KCl. Standard proteins used 
were ribonuclease A 13.7 kDa, chymotrypsinogen 
A 25 kDa, ovalbumin 43 kDa, and bovine serum 
albumin 67 kDa. Polyacrylamide gel electrophore- 
sis was carried out at pH 4.5 [11] with 7% acryla- 
mide. The sample for the detection of activity was 
overlaid on the stacking gel with 15% sucrose and 
approx. 50 mM 2-mercaptoethylamine [12]. After 


running the gel at 4°C, the gel was cut into 2 mm 
lengths, the pieces were ground and extracted with 
0.2 M Tris-maleate buffer (pH 6.5) containing 0.5 
mM 2-mercaptoethanol and 0.1 mg/ml bovine 
serum albumin. The recovery was around 10% for 
thiamin-triphosphatase II and even lower for 
thiamin-diphosphate kinase activity. In poly- 
acrylamide gel at pH 8.9 (7.5% gel), the activity 
did not penetrate into the gel toward the anode. 
SDS-acrylamide gel was run following the method 
of Laemmli [13] with 15% acrylamide. Protein was 
measured, depending on the stage of purification, 
by the Biuret method [14], or the method of 
Lowry et al. [15], or Bradford [16]. The N-terminal 
amino acid was determined by a gas phase amino 
acid sequencer (Applied Biosystems, type 470A). 
Isoelectric focusing was carried out using Ampho- 
lines (pH 7-9) in a flat bed equipment (LKB) for 
18 h at 4°C. The sample (450 pmol/g per h) was 
from the Sephacryl S-300 eluate. After electro- 
focusing, each fraction was eluted with 0.4 M 
Tris-maleate buffer (pH 6.5), dialyzed against the 
same buffer of 0.1 M, and a sample of it was 
developed by polyacrylamide gel electrophoresis 
(pH 4.5):at 4°C. The gel was fractionated and 
extracted as above to measure thiamin-triphos- 
phatase II. Thiamin triphosphate was a generous 
gift of Dr. M. Yamazaki of Sankyo Co., Tokyo. 
8,y-Methylene-ATP (miles Laboratories), phos- 
phocellulose P11 (Whatman), phenyl-Sepharose 
CL-4B and Blue Sepharose CL-6B (Pharmacia 
Fine Chemicals), and Lubrol PX (Sigma) were 
commercially obtained. 


Results 


Co-purification of thiamin-triphosphatase II and 
NTPase 

Thiamin-triphosphatase II was solubilized from 
the membrane fraction of E. coli W70-23 as de- 
scribed in Materials and Methods and purified 
further by gel filtration, ion exchange and group 
specific affinity chromatography (Table I and see 
below). Throughout these steps, thiamin-triphos- 
phatase II co-purified with Mg**-independent, 
acid optimum ATPase activity (activity ratio of 
NTPase/ thiamin-triphosphatase was approx. 1). 
Substrate specificity among nucleoside phosphates 
and thiamin phosphates was measured (Table IT). 


TABLE I 
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PURIFICATION GF NTPase (THIAMIN-TRIPHOSPHATASE) AND THIAMIN-DIPHOSPHATE KINASE 


n.d , not determined. 


Protein NTPase 
(ug) ° (thiamin-triphosphatase) 
pmol/h* pmol/g per h 

Sephacryl eluate 364000 39.9 0.11 -10° 
Phosphocellulose eluate 18800 16.2 0.86 -10° 
Sephadex G-100 eluate 280 11.7 41.8 -10° 
Phenyl-Sepharose eluate 25 9.34 359 -10° 
Blue Sepharose eluate 2 735 37 10° 


Thiamin-diphosphate kinase Thiamın- NTPase */ 
diphosphate ThTPase 
kinase / 

pemol/h* „mol/g per h ThTPase ? 

158 4.34 0.040 1.09 

1.08 574 0067 1.00 

0.95 3.4-10? 0.081 nd. 

0.91 35 -107 0097 nd 

0.61 0.31-10° 0 83 1.06 


* Total protein and total activity (measured as thiamin-trphosphatase) for 45 liter culture 


> Thiamin-triphosphatase II. 
© Measured as ATPase at pH 6.5 without Mg?* 


The results indicate that this phosphatase was a 
nonspecific NTPase exhibiting more activity to- 
wards thiamin triphosphate and ribose-NTPs than 
the deoxy-form and the diphosphates. These two 


TABLE I 


SUBSTRATE SPECIFICITY OF THIAMIN-TRIPHOS- 
PHATASE I 


Substrate Activity (%) 
Thiamin triphosphate 100 ° 
Thiamin diphosphate 13 
Thiamin monophosphate 0 
Glucose-6-P 0 
p-Nitrophenyl phosphate 8 
B-y-Methylene-ATP 0 
ATP 103 
GTP 102 
CTP 105 
UTP 80 
dATP 89 
dGTP 83 
dCTP 79 
dUTP 85 
dTTP 82 
ADP 35 
GDP 36 
CDP 17 
UDP 11 
AMP 0 
dAMP 3 
dGMP 2 
dCMP 0 
dTMP 0 


* 100% corresponded to 440 p mol/g per h. 


activities of thiamin-triphosphatase II and ribose- 
NTPase were found to be catalyzed by a single 
protein since they were mutually inhibited, as 
shown in Fig. la and b. To determine whether the 
amount of thiamin diphosphate decreased by the 
addition of ATP through the mechanism of 
NDPase activation [3], thiamin monophosphate 
and free thiamin were measured in all samples of 
Fig. la, but the results were nearly equal to zero. 
Thus, participation of NDPase was excluded. 
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Fig 1 Apparent inhibition of thıamin-triphosphatase II by the 
two substrates ATP and thiamin triphosphate. (a) Thiamin-tn- 
phosphatase IT (ThTPase) assay was carried out as in Materials 
and Methods but at 5-times the scale (250 u1) for approx. 15 h 
and the thiamin phosphates were analyzed by a gel filtration 
method [24]. Activity was calculated from the amount of 
thiamin diphosphate formed (b) NTPase was assayed as ın 
Materials and Methods by developing on a thin layer of 
MN300G cellulose and the activity was expressed as the amount 
of [3P]P, formed. 
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Fig. 2, Parallel inhibition by Mg** and 8,y-methylene-ATP of 
thiamin-triphosphatase II and acid NTPase. Thiamin-triphos- 
phatase II (ThTPase) (Sephacryl S-300 eluate) was assayed 
according to Materials and Methods except for the absence of 
detergent from the reaction mixture and the addition of Mg?* 
(a) or 8, y-methylene-ATP (b). 


BA-CH-ATP (mM) 


Thiamin-triphosphatase II shows Mg’* inhibi- 
tion (data not shown). The effect of Mg** on 
ribose-NTPase was similar (Fig. 2a). 8,y-Methyl- 
ene-ATP, an inhibitor of NTPase, inhibited thia- 
min-triphosphatase II as if it was an analogue of 
thiamin triphosphate (Fig. 2b). Those results indi- 
cated that the activities of thiamin-triphosphatase 
II and ribose-NTPase were expressed by the same 
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Fig 3 Thiamin-diphosphate kinase activity detected in a 
thiamin-triphosphatase II preparation. A thiamin-triphos- 
phatase II preparation (19 mmol/g per h) was used for the 
detection of thiamin-diphosphate kinase activity. The assay 
mixture contained 2.5 mM MgCl, in the case of hatched circle 
data (a) Time-dependent accumulation of thiamin [?*P]tn- 
phosphate. (b) The same sample as ın (a) was analyzed for the 
remaining [P]ATP and [7*P]P, released. ThTP, thiamin tr- 
phosphate. 


enzyme. Further, both activities were recovered at 
exactly the same position on polyacrylamide gel 
electrophoresis (data not shown). Hence, we con- 
cluded that thiamin-triphosphatase II was a kind 
of nonspecific ribose-NTPase. Considering the 
high activity shown on thiamin triphosphate and 
the rareness of an enzyme active on both nucleo- 
side phosphates and thiamin phosphates, we called 
this enzyme thiamin-triphosphatase II. This en- 
zyme showed differences from the known NTPases 
(EC 3.6.1.15) as described below. 


Thiamin diphosphate kinase activity of thiamin-tri- 
Phosphatase II 

When E. coli was loaded with thiamin diphos- 
phate, cellular thiamin triphosphate increased 
(data not shown). One of these thiamin triphos- 
phate synthesizing activities (ATP: thiamin-di- 
phosphate phosphotransferase, EC 2.7.4.15) was 
assigned to the same fraction as thiamin-triphos- 
phatase II when surveyed in a preliminary experi- 
ment. This reaction proceeded linearly for more 
than 3 h (Fig. 3a), with the simultaneous hydroly- 
sis of approx. 20-times the number of moles of 
ATP (Fig. 3b) (see Table I for purified prepara- 
tions; the ratio thiamin-diphosphate kinase/ 
thiamin-triphosphatase II). The enzyme used (Fig. 
3) was free from known Mg**-dependent, alkaline 
optimum NDP kinase (EC 2.7.4.6) (see Fig. 5). 
The substrate specificity of thiamin-diphosphate 
kinase activity was relatively broad, exhibiting 
comparable activities on some other nucleoside 
diphosphates (Table III). A parallel effect on pH 
on thiamin-diphosphate kinase and on the P 
liberation from [y-**PJATP (observed with the 
kinase reaction) was seen (data not shown). Fur- 
ther, the two activities were recovered from ex- 
actly the same position on polyacrylamide gel 
electrophoresis (data not shown). 


Co-purification of thiamin triphosphatase II and 
thiamin-diphosphate kinase 

To confirm that thiamin-triphosphatase II ex- 
presses a thiamin-diphosphate kinase activity, we 
purified thiamin-triphosphatase II from Æ. coli 
W70-23. The solubilized thiamin-triphosphatase II 
was developed on a Sephacryl S-300 column (Fig. 
4). The profile showed that the major fraction of 
Mg?+t-ATPase (EC 3.6.1.3) eluted differently from 


TABLE II 
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SOME CHARACTERISTICS OF THE TWO ACTIVITIES OF THIAMIN-TRIPHOSPHATASE II 


Substrate Thiamin-diphosphate 
kinase activity (%) 
expt. 1 expt. 2 
Thiamin diphosphate 100 * 100 * 
Thiamin monophosphate 17 0 
dTDP 107 87 
CDP 49 68 
UDP - 38 60 
Thiamin diphosphate 
+10 mM EDTA 83 
Thiamin diphosphate 
+10 mM dithiothreitol 85 


* 100% corresponded to 60 » mol/g per h 
> 100% corresponded to 25 mmol/g per h. 


thiamin-triphosphatase II, and that thiamin-di- 
phosphate kinase paralleled thiamin-triphos- 
phatase II. Active fractions were pooled and ap- 
plied on a phosphocellulose column. Thiamin-di- 
phosphate kinase activity showed affinity for the 
phosphocellulose, whereas Mg**-dependent, al- 
kaline optimum, NDP kinase (EC 2.7.4.6) did not 
bind at pH 6.5 and eluted in the flow-through 
fractions (Fig. 5). This activity (flow-through frac- 
tions) was not active on thiamin diphosphate at 
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Fig. 4 Gel filtration chromatography of thiamin-triphos- 
phatase II (ThTPase IT) A membrane fraction (60 8 g protein) 
of E. colt W70-23 (45 1 culture) was solubilized giving 1.61 g of 
solubilized protein and applied on a Sephacryl S-300 superfine 
(2.5 X95 cm) column and developed with ‘buffer 1’ containing 
01M KCI. Thiamn-triphosphatase II (ThTPase ID activity 
was assayed using ATP as substrate at pH 65 Mg**-ATPase 
was assayed at pH approx 8.0 using [" P]ATP as the substrate 
and the activity was expressed by the amount of [Î2 P]ATP 
degraded. Thiamin-diphosphate (ThDP) kinase was assayed as 
in Materials and Methods. ThTP, thiamin triphosphate. 


Additives Thiamin-tnphosphatase IT 
activity (%) 
control 100 © 
1 mM thioglycollic acid 99 
1 mM dithiothreitol 103 
1mM EDTA 101 
1 mM metal mixture 
(Cu, Zn, Mn, Ca) 72 
5 mM pyrithiamin 84 


pH 6.5 (Fig. 5) or at pH 8.0 with Mg?* added 
(data not shown). Thiamin-triphosphatase II was 
eluted in two peaks by KCI concentrations higher 
than 0.5 M, accompanied by thiamin-diphosphate 
kinase activity. The amount of former peak varied 
from experiment to experiment and was usually 
minor. The latter peak was pooled and applied on 
Sephadex G-100 column. Thiamin-triphosphatase 
II was eluted at the fractions which corresponded 
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Fig. 5. Separation of thiamin-diphosphate (ThDP) kinase from 
Mg**-NDP kinase by phosphocellulose chromatography. The 
column (22 ml wet volume) was eluated with a linear gradient 
of KCI Eluate was fractionated into 10 g in fractions Nos. 
1-15, or into 4.5 g in subsequent fractions ThTP, thiamin 
triphosphate 
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Fig 6. Co-purification of thiamin-triphosphatase II with 
thiamin-diphosphate (ThDP) kinase and acidic NTPase. (a) 
Phenyl-Sepharose CL-4B column chromatography. Elution was 
accomplished by a linear gradient of NaCl and Lubrol PX, but 
only the NaCl is plotted Each eluate fraction was applied on 
Sephadex G-25 column to re-equilibrate the buffer into ‘buffer 
1’ contaming 0.1 M KCL Enzyme activities were assayed for 
this eluate Thiamin-triphosphatase (ThTPase) II activity was 
assayed with ATP as the substrate at pH 6.5. (b) Blue Seph- 
arose CL-6B column chromatography. To 2.5 ml wet volume of 
Blue Sepharose CL-6B, the sample eluted from phenyl-Seph- 
arose was applied after dialysis against ‘buffer 4’ The column 
was washed with ‘buffer 4 containng 2 mM ATP and eluted 
with a gradient of ATP and pH (only ATP concentration 1s 
shown) with a flow rate of 2 ml/h. ThTP, thiamin triphos- 
phate; ThDP, thiamin diphosphate. 





Fig. 7. SDS-polyacrylamide gel electrophoresis analysis of 
thiamin-triphosphatase II in each step of purification. Samples 
were analyzed with 15% gel and detected by silver staining 1, 
NaClO,-solubilized sample; 2, Sephacryl $-300 eluate; 3, phos- 
phocellulose eluate; 4, Sephadex G-100 eluate; 5, phenyl-Seph- 
arose eluate; 6 and 8, Blue Sepharose eluate; 7, molecular 
weight standards (67 kDa, 43 kDa, 25 kDa and 13 7 kDa; 100 
ng each was applied). 


to a molecular weight of approx. 16000 (data not 
shown, see below for the molecular weight). The 
fractions containing activity were concentrated 
with a membrane filter (Diafilter GOST), and the 
buffer was changed to a detergent-free high-salt 
one and applied on a column of phenyl-Sepharose. 
Thiamin-diphosphate kinase activity and thiamin- 
triphosphatase II were eluted at approx. 1.5 M 
NaCl plus 0.25% Lubrol PX (Fig. 6a). The pooled 
fractions containing the activity exhibited con- 
taminating bands on the SDS-polyacrylamide gel 
electrophoresis (Fig. 7), and were purified further 
by Blue Sepharose CL-6B (Fig. 6b). In contrast to 
the known examples, thiamin-triphosphatase II 
was adsorbed firmly at acidic pH, and eluted at 
alkaline pH or when ATP was added. A combined 
linear gradient of 5.0-6.0 mM ATP and pH of 
5.3—7.6 gave a better purification. Each step was 
analyzed with SDS-polyacrylamide gel electro- 
phoresis (Fig. 7), as summarized in Table I. 


Characteristics of thiamin-triphosphatase I 

In the assay of thiamin-diphosphate kinase, 
approx. 10-times the number of moles of ATP was 
hydrolyzed in the purified enzyme (Table I, thia- 
min-diphosphate kinase/ thiamin-triphosphatase 
ID. A saturating concentration of thiamin diphos- 
phate was used in these assays (K,, for thiamin 
diphosphate was 56 mM and for ATP was 10 mM, 
data not shown). The optimum pH of thiamin-di- 
phosphate kinase activity was approx. 5.3 (data 
not shown). The effect of temperature was studied 
and the optimum was approx. 50°C (data not 
shown). The effect of Mg?* was inhibitory and a 
curve very similar to Fig. 2a was obtained (data 
not shown). 

The molecular weight of thiamin-triphos- 
phatase II was estimated by SDS-acrylamide gel 
electrophoresis (Fig. 7), giving a value of 15 900, 
and also by gel filtration chromatography with 
Sephadex G-200, with the value of 15100. Thus, 
thiamin-triphosphatase II was shown to be a single 
polypeptide of molecular weight approx. 16000. 
Using an eluate of Blue Sepharose, the N-terminal 
amino acid was determined to be glutamic acid. In 
experiments to determine the isoelectric point of 
thiamin-triphosphatase II, activity peaks were 
found at pH 8.54 (main peak), 8.30, 8.0, 7.6, and 
7.00 (graph not shown). 


Discussion 


A bacterial thiamin-triphosphatase of E. coli 
was evidenced for the first time in a purified form. 
Purified enzyme was found to be accompanied by 
acid NTPase activity. Another example of an en- 
zyme which shows reactivity on both thiamin 
phosphate and nucleoside phosphate is thiamin- 
diphosphatase of bovine liver and rat tissue [3,4]. 
In rat NDPase, two types of enzymes with clear 
differences in the pattern of isoelectric focusing 
have been observed [4]. Thiamin-triphosphatase IT 
in this paper showed the typical pattern of a 
multi-isoelectric point enzyme and resembled more 
the brain-type thiamin diphosphatase of rat. These 
enzymes also resembled each other in that both 
thiamin phosphate and nucleoside phosphate could 
act as substrate at neutral pH. 

We concluded that thiamin-triphosphatase I] 
showed the activity of a nonspecific NTPase on 
the basis of the following observations. (i) The two 
activities were co-purified throughout the steps. 
(ii) Both activities were detected at the same posi- 
tion on acrylamide gel electrophoresis. (iii) The 
two activities were inhibited similarly by Mg?t 
and £,y-methylene-ATP. (iv) Thiamin-triphos- 
phatase II was inhibited by ATP, and the Mg?*- 
independent ATPase activity was inhibited by 
thiamin triphosphate. (v) Ribonucleoside triphos- 
phates other than ATP were hydrolyzed at nearly 
the same rate. As the substrate, deoxyNTPs were 
80—90% active, nucleoside diphosphates were ap- 
prox. 30% active, and monophosphates were al- 
most inactive. However, NTPase (EC 3.6.1.15) 
already reported [17-21] are all clearly different 
from thiamin-triphosphatase II. Their molecular 
sizes are between 100 kDa [20] and 260 kDa [17], 
and some of them [19] require dithiol for activa- 
tion. Thus, thiamin-triphosphatase II is a novel 
NTPase of E. colt. 

On the other hand, the well known Mg?t-de- 
pendent, alkaline optimum NDP kinase (EC 
2.7.4.6) showed no activity on thiamin diphos- 
phate (Fig. 5). Enzymes for nucleoside metabolism 
seem to be strictly differentiated from thiamin 
metabolism in vivo, and there should be some 
particular function(s) for those enzymes which can 
act on both types of substrates. Besides the activ- 
ity of thiamin-triphosphatase II, the purified en- 
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zyme catalyzed the reverse directed reaction. 
However, the kinetic parameters and characteris- 
tics of the reverse reaction (K,, for thiamin di- 
phosphate of 56 mM, for ATP of 10 mM, opti- 
mum pH of 5.3, hydrolysis of approx. 10-times the 
number of moles of ATP) indicated that the 
thiamin-triphosphatase II activity was relatively 
favoured in the physiological state of the bacterial 
cell. Incidentally, the alkaline optimum NDP 
kinase of E. coli detected in Fig. 5 were recovered 
in the fractions which corresponded to an ap- 
proximate molecular size of 16 kDa (Fig. 4). Thus 
E. coli Mg*+-NDP kinase did not agree in size 
with the reported NDP kinase of Salmonella 
typhimurium (85 kDa) [22] or of Bacillus subtilis 
(100 kDa) [23]. 

On the basis of the data obtained, we deduce 
that some other enzyme than thiamin-triphos- 
phatase II is responsible for the cellular thiamin 
triphosphate synthesis, and _ thiamin-triphos- 
phatase I is now under investigation. 
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The 4,6,8(14)-triene-3-one steroids, highly fluorescent in aqueous solutions, lose their fluorescence power 
when binding occurs to hydrophobic regions of other molecules, such as the hydrophobic cavity in the ring 
system of cyclodextrins. The fluorescence intensity decreases almost completely when 8- and y-cyclo- 
dextrins are present in the solution. Scatchard plots derived from fluorescence titrations show that one or 
two molecules of steroid bind to one cyclodextrin molecule with Ky ,-values of about 10-74-10-75 
mol / liter. Temperature-jump experiments show a single relaxation process, with rate constants for the 
decay of the f-cyclodextrin-steroid complexes of about 104-105 per s. For a- and y-cyclodextrins such 


relaxation processes are not observed. 


Introduction 


The 4,6,8(14)-triene-3-one steroids — highly flu- 
orescent in aqueous solutions and showing practi- 
cally no fluorescence in aprotic solvents — differ 
from the naturally occurring androgens and 
gestagens — generally not fluorescent in both 
aqueous and non-aqueous solutions — by only two 
or three additional conjugated double bonds in 


* Dedicated to Prof Dr M. Eigen on the occasion of his 60th 
birthday. 

Abbreviations. 6,8(14)-bisdehydrotestosterone, 17@-hydroxy- 
4,6,8(14)-androstatriene-3-one; testosterone, 178-hydroxy-4- 
androstene-3-one; 6,8(14)-bisdehydro-17a-hydroxypro- 
gesterone, 17a-hydroxy-4,6,8(14)-pregnatriene-3,20-dione; 
17a-hydroxyprogesterone, 17a-hydroxy-4-pregnene-3,20-dione; 
R 1881, 17a-methyl-176-hydroxy-4,9,11-estratriene-3-one; 
Kp, dissociation constant of the cyclodextrin complex with 
fluorescent steroids. 


Correspondence: Dr. M.A. Kempfie, Institute for Physiological 
Chemistry, University of Bonn, Nussallee 11, D-5300 Bonn, 
F.R.G. 


the A-, B- and C-ring of the steroid skeleton (Fig. 
1). When these double bonds are introduced into 
the steroid the energy of the fluorescent m- *-state 
is so greatly reduced that this state is shifted near 
to the non-fluorescent n-*-state resulting in a 
system with two states of approximately the same 
energy. Henceforward only small perturbations 
(such as interactions with solvents or micelle for- 
mation) will determine whether this system shows 
fluorescence (r-r *-state lowest) or not (n-7*-state 
lowest) [1]. In addition, the fluorescence intensity 





Fig. 1. General structure of the non-fluorescent 3-one steroids 
(a) and the fluorescent 4,6,8(14)-triene-3-one steroids investi- 
gated here (b). (a) Testosterone: R; =-OH, R, =-H; 17a-hy- 
droxyprogesterone: R, =-CO-CH,, R,=-—OH. (b) Bis- 
dehydrotestosterone: R, =-OH, R, =-H; bisdehydrohydroxy- 
progesterone: R, =-CO-CH,, R; =-OH. 
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disappears almost completely when the fluo- 
rescent steroids bind to proteins, thus making 
these steroids useful probes for steroid—protein 
interactions. This quenching is explained by a 
decrease in the energy of the n-w*-state compared 
to the nearby-situated a-7*-state due to hydro- 
phobic interactions, which are known to occur 
between proteins and steroids [2]. 

Since steroid-binding proteins are not always 
available in large quantities, we try to study the 
interactions of steroids with molecules having hy- 
drophobic regions too. The cyclodextrins, due to 
the hydrophobic cavity in their ring system [3], 
prove to be such a model; thus we can expect that 
any interaction with the steroid will lead to mea- 
surable changes in the fluorescence intensity. These 
changes are in fact observed and enable us to 
study the binding process very easily by simple 
titration, or its kinetics by relaxation techniques. 

Part of this paper was presented at the “First 
International Symposium on Binding Proteins: 
Steroid Hormones” in Lyon, France, April 
28th—30th, 1986. 


Materials and Methods 


The fluorescent 4,6,8(14)-triene-3-one steroids 
were generous gifts from Schering and Searle, and 
the R1881 (characterized as a 4,9,11-triene-3-one) 
from Roussel-Uclaf. A single peak was observed 
with all substances after purification with repeated 
‘reversed phase’ HPLC. 

The cyclodextrins (a-, B- and y-cyclodextrin, 
consisting of 6, 7 and 8 cyclically arranged glucose 
molecules) were purchased from Sigma and used 
without purification. All solutions were de- 
oxygenated by flushing for 20 min with dry 
nitrogen and then degassed by a rotary vacuum 
pump. 

Fluorescence measurements were performed 
with a Perkin-Elmer MPF 4 spectrofluorometer at 
20.0°C. The excitation wavelength was 365 nm; 
the fluorescence emission spectra were recorded 
between 400 nm and 600 nm and the maximum 
value at 475 nm was taken as a measure of the 
fluorescence intensity. 

Temperature-jump relaxation studies were per- 
formed with a fluorescence temperature-jump ap- 
paratus described previously [4]. The excitation 


wavelength was 365 nm and the emitted light was 
measured at right angles by two photomultipliers 
after passage through Kodak KV 418 cutoff filters 
to eliminate light of wavelengths below 400 nm. 
The temperature before the perturbation was 
16.2°C and a temperature jump of 3.8°C brought 
the final temperature to 20.0°C. The heating time 
was less than 10 ps. 

The recorded signal was primarily stored in a 
transient recorder (Datalab 905) and then trans- 
ferred to a Univac 1108 for further processing. 
The relaxation times and their amplitudes were 
analyzed with the ‘Discrete Program’ of Proven- 
cher [5]. The reciprocal relaxation times given in 
Fig. 6 are mean values of 4 to 10 temperature 
jumps. Time intervals between two temperature 
jumps were 5 min, thus allowing a proper temper- 
ature equilibration. 


Results and Discussion 


(1)a-Cyclodextrin 
This cyclodextrin exhibits no interaction with 
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Fig 2. Fluorescence intensity of the triene-3-one steroids as a 
function of the a-cyclodextnn concentration in a logarithmic 
scale. T = 20.0°C. @ = 6,8(14)-bisdehydrotestosterone, 50 
ng/ml; x = 6,8(14)-bisdehydro-17a-hydroxyprogesterone, 50 
ng/ml; O =R 1881, 1 pg/ml. 


any one of the steroids investigated here. Fig. 2 
shows no significant fluorescence change over the 
concentration range of a-cyclodextrin taken here. 
Obviously the diameter of the a-cyclodextrin cav- 
ity (0.52 nm) is too small to allow binding of the 
steroid into it. Stopped-flow and temperature-jump 
experiments showed no measurable effects. 


(2) B-Cyclodextrin 

Binding studies. Titration of different steroid 
solutions with B-cyclodextrin leads to a drastic 
decrease in fluorescence intensity which becomes 
almost complete at high -cyclodextrin concentra- 
tions (Fig. 3). Thus we can assume that the steroid 
is bound into the cavity of the -cyclodextrin 
molecule. 

Titration of a B-cyclodextrin solution with dif- 
ferent steroid concentrations demonstrates the 
binding process too, as there is a considerable 
lag-phase in the intensity of the steroid fluores- 
cence with cyclodextrin (Fig. 4a), whereas the 
fluorescence intensity of the steroid alone in- 
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Fig. 3. Fluorescence intensity of the triene-3-one steroids as a 
function of B-cyclodextrin concentration (in mol/lter) ın a 


logarithmic scale For symbols and concentrations see Fig 2. 
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Fig 4. Titration curve (a) of the cyclodextmn-binding sites 
(B-cyclodextrin = 5-1074 M) with 6,8(14)-bisdehydrotes- 
tosterone (X); (b) fluorescence signal of 6,8(14)-bisdehydro- 
testosterone in HO (O) From the difference of the fluores- 
cence intensity between (a) and (b) we calculate Ciee and 
boung 28 Shown on the abscissa. 


creases linearly with steroid concentration (Fig. 
4b). From these two curves we can calculate the 
amount of bound steroid very easily (C houng i 
Fig. 4). These results are shown in Fig. Sa. 
Scatchard plots (Fig. 5b) show that 6,8(14)bis- 
dehydrotestosterone has the highest affinity to 
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Fig. 5. (a) Binding of the triene-3-one steroids to A-cyclo- 
dextnn as a function of fA-cyclodextrin concentration. For 
symbols see Fig. 2. (b) Corresponding Scatchard plot: v= 
bound, S= free 8-cyclodextrin. The Kp p values are given in 
Table I. 
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8-cyclodextrin. From the biphasic behaviour of 
this plot we have to assume some negative cooper- 
ativity for this molecule, and the data result in two 
dissociation constants. This is consistent with the 
data of Lach and Pauli [6] who proposed a 2:1 
stoichiometry for testosterone binding to the g- 
cyclodextrin molecule. Obviously the binding of 
the second 6,8(14)-bisdehydrotestosterone mole- 
cule is somewhat hindered if the first one is al- 
ready bound into the cavity. For the other steroid 
molecules investigated here we have to assume a 
1:1 binding. 

Table I shows the dissocation constants for 
some steroid-f-cyclodextrin complexes, presenting 
evidence that the affinity becomes somewhat 
lowered with an increasing side chain at the C-17 
position. 

Displacement studies. Titration of the steroid- 
cyclodextrin complex with a non-fluorescent 
steroid (i.e., testosterone) shows an increase in 
fluorescence intensity caused by the displaced 
steroid molecules. 

From this type of experiment we are able to 
calculate the dissociation constants for non-fluo- 
rescent steroid-cyclodextrin complexes, as there is 
a simple relation between the dissociation con- 
stant Ky, of the fluorescent steroid-cyclodextrin 
complex and the dissociation constant Kpyp of 
the non-fluorescent steroid-cyclodextrin complex: 
Kponr = KX Kpr, where K is the so-called “dis- 
placement constant’. K is determined by titration 
of the fluorescent steroid-cyclodextrin complex 
with the non-fluorescent steroid (or any other 
compound) [7]. 

Kinetics of steroid binding to B-cyclodextrin. The 
remarkable fluorescence properties of the 
4,6,8(14)-triene-3-one steroids allow the perfor- 


TABLE I 
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Fig. 6. Reciprocal relaxation times for the binding process of 
6,8(14)-bisdehydrotestosterone to cyclodextrin as a function of 
-cyclodextrin (B-CD) concentration. T= 200°C 1 pl/ml = 
3.4 uM 6,8(14)-bisdehydrotestosterone; the results are given in 
the text. 


mance of kinetic studies upon their binding to 
macromolecules (i.e., cyclodextrin) which are not 
performable with non-fluorescent or radioactively 
labelled compounds. Fig. 6 shows the results of 
such kinetic experiments with -cyclodextrin and 
6,8(14)-bisdehydrotestosterone in the temperature- 
jump apparatus. From the concentration depen- 
dence of the reciprocal relaxation times we can 
calculate the rate constants for the dissociation 
process: k, = 1400 sec™*, and for the association 
process: k,,=12.3-10° liter-mol~!-s~'. The 
value Kpp = ko/k,, 18 in good agreement with 
the results of the fluorescence titrations given in 
the table. One has to emphasize that the two 
dissociation constants from the table are so close 
together that they apparently cannot be resolved 
by the temperature-jump techniques; thus Kpr 


DISSOCIATION CONSTANTS FOR SOME STEROID-CYCLODEXTRIN COMPLEXES 
T = 20.0°C. BDT, bisdehydrotestosterone; BD17aOHP, bisdehydro-17a-hydroxyprogesterone 


Cyclo- Diameter of the Dissociation constant Kp p (mol/l) 

dextrin cavity (nm) [3] 6,8(14)-BDT 6,8(14)-BD17a¢OHP R1881 

a 0.52 no interactions observed 

B 0.62 0.7-10~4 ed -4 
eee 4-10 4.4-10 

y 07 1.5-1074 2-1074 2.6-1074 


obtained by the kinetic method represents the 
mean of these two dissociation constants. 


y-Cyclodextrin 

Table I demonstrates that the interactions of 
y-cyclodextrin with different steroids are qualita- 
tively the same (Fig. 7a) as in the casé of the 
-cyclodextrin (Fig. 5a) but with somewhat in- 
creased affinities. Scatchard plots (Fig. 7b) show 
Straight lines, indicating only a simple type of 
interaction. The rate constants for the binding 
process, however, are apparently different from 
those of the f-cyclodextrin, as no detectable re- 
laxation process appeared within the time limits of 
our temperature-jump apparatus. Therefore we 
have to assume that the greater cavity of the 
y-cyclodextrin (diameter 0.7 nm) compared to the 
B-cyclodextrin cavity results in an increase of the 
rate constants, so that we are not able to observe 
any relaxation process. 
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Fig 7. (a) Binding of the triene-3-one steroids to y-cyclo- 
dextrin (y-CD) as a function of y-cyclodextrin concentration. 
(b) Corresponding Scatchard plot. For symbols see Figs. 2 and 
5. The Kp,» values are given in Table I. 
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The results presented here clearly state that the 
fluorescent 4,6,8(14)-triene-3-one steroids together 
with the cyclodextrins are powerful tools for 
simulating steroid—macromolecule interactions. As 
reported recently [8], their catalytic behaviour dif- 
fers from that of the naturally occurring steroids 
only by a factor of two. Furthermore, the steroid- 
binding proteins exhibit almost the same binding 
properties with the fluorescent steroids as with 
non-fluorescent (relative affinity of the 6,8(14)- 
bisdehydrotestosterone = 0.8 related to 
testosterone with sex hormone binding globulin 
[9]), but due to the lack of large amounts of these 
proteins we have to take model substances which 
qualitatively simulate the binding properties of 
these proteins. The results of the experiments de- 
scribed above demonstrate that the cyclodextrins 
can serve as such model substances. 


Acknowledgement 


We thank Mrs. H. Haberstroh for her excellent 
and skilful technical assistance. 


References 


1 Kempfle, M., Müller, R., Palluk, R. and Zachariasse, K. 
(1983) Hoppe-Seyler’s Z. Physiol Chem. 364, 1151-1152 

2 Westphal, U. (1978) Hoppe-Seyler’s Z Physiol. Chem. 359, 
431-447 

3 Sanger, W. (1980) Angew. Chem. 92, 343-361 

4 Rigler, R, Rabl, C.R. and Jovin, T.M (1974) Rev Sci 
Instrum. 45, 580-588 

5 Provencher, S W. (1976) Biophys J. 16, 37-41 

6 Lach, J.L and Pauh, W A. (1966) J. Pharm. Sci. 55, 32-38 

7 Kempfle, M, Miller, R., Sonnenberg, A. and Winkler, H 
(1977) Z. Anal Chem. 285, 237-243 

8 Kempfle, M., Breuer, H., Miller, R. and Palluk, R (1985) 
Acta Endocrinol Suppl. 108, 112-113 

9 Miller, R., Palluk, R. and Kempfle, M. (1985) Stud. Bio- 
phys. 109, 77-86 


88 


BBA 22457 


Biochimica et Biophysica Acta 923 (1987) 88—97 
Elsevier 


Subunits and chromophores of a type I phycoerythrin 
from a Chroomonas sp. (Cryptophyceae) 


Carol D. Martin and Roger G. Hiller 
School of Brological Sciences, Macquarie University, North Ryde, 2113, N.S.W (Australta) 


(Received 9 April 1986) 


Key words: Phycoerythrin; Phycoerythrobilin, Cryptoviolin; Fluorescence; Polypeptide; (Chroomonas sp. CS24) 


Phycoerythrin from a Chroomonas sp. CS24 has been characterised with respect to relative molecular mass, 
subunit composition and spectral properties (absorbance and fluorescence). The native protein has a typical 
type I absorbance spectrum, except for a shoulder at 644 nm. The proposed structure for the phycoerythrin 
is a,8, with a relative molecular mass of 63.5 kDa. The 8 subunit of relative molecular mass 20.5 kDa 
contains the chromophore phycoerythrobilin. There are four a subunits which differ in charge. Two of these 
are blue with absorbance and fluorescence maxima in 8 M urea (pH 5.1) that are similar to those of 
phycocyanin, suggesting the presence of a phycocyanobilin-like chromophore. These two subunits differ in 
relative molecular mass (11 and 12 kDa). The remaining two a subunits are purple at pH 5.1 in 8 M urea 
and possess a chromophore similar to the unidentified chromophore in the a subunit of phycoerythrocyanin 
(PXB). These subunits also differ in relative molecular mass (11 and 12 kDa). Titration of the œ subunits 
with HCI and NaOH results in a reversible change between the phycocyanobilin-like and PXB-like forms. It 
is proposed that a single novel chromophore is present on the a subunits that mimics phycocyanobilin and 
PXB according to its environment and is probably identical with cryptoviolin (McColl, R., Guard-Friar, D. 


and Csatorday, K. (1983) Arch. Microbiol. 135, 194-198). 


Introduction 


In the blue-green and red algae, a pathway of 
energy transfer has been elucidated within the 
phycobilisome from phycoerythrin to chlorophyll 
a via phycocyanin and allophycocyanin with al- 
most 100% efficiency [1]. Proposed models of 
phycobilisome structure accommodate such an en- 
ergy transfer pathway [2,3]. The Cryptophyceae 


Abbreviations: PXB, unidentified chromophore in the a sub- 
unit of phycoerythrocyanin; SDS, sodium dodecyl sulphate; 
TEMED, N,N,N’,N’-tetraethylmethylenediamine; Tris, tris- 
(hydroxymethyl)aminomethane. 


Correspondence: Dr. R.G. Hiller, School of Biological Scien- 
ces, Macquarie University, North Ryde, 2113, N.SW, 
Australia. 


also have, as their major accessory light harvesting 
pigments, phycoerythrin and phycocyanin, but the 
intermediates in energy transfer to chlorophyll a 
are unknown. It is thought that energy is trans- 
ferred directly to chlorophyll a from phycoeryth- 
rin or phycocyanin or via chlorophyll c, [4]. Licht- 
lé et al. [5] propose that Cryptomonas rufescens 
contains a phycoerythrin complex located within 
the intrathylakoid lumen that transfers light en- 
ergy directly to chlorophyll a in Photosystem II, 
without mediation by chlorophyll c,. It is widely 
accepted that in any one cryptophyte species either 
phycoerythrin or phycocyanin is present [6], and 
allophycocyanin absent. Detectable amounts of 
phycocyanin have, however, been reported in 
several species of cryptophytes, grown at low light 
intensities, which contain phycoerythrin as their 
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major accessory light harvesting pigment [7]. In 
view of this we reinvestigated the phycobilins of 
Chroomonas CS24, which also contains a type I 
phycoerythrin, and for which data are already 
available on the chlorophyll protein complexes [8]. 

Cryptophyte phycoerythrins have been classi- 
fied into three groups according to their ab- 
sorbance maxima. Type I has an absorbance maxi- 
mum near 545 nm, type II at about 555 nm and 
type III at about 565-568 nm [9]. They are com- 
posed of two polypeptide chains (a and £) of 
unequal size. Covalently bound to these chains are 
open tetrapyrrole prosthetic groups (chromo- 
phores). The number and type of chromophore 
present determmes the absorbance properties of 
the protein [4]. Phycoerythrobilin is reportedly the 
only chromophore found in cryptophyte phyco- 
erythrins [4,10]. However, MacColl et al. [11] have 
described an a subunit of Rhodomonas lens 
phycoerythrin containing two PXB-like chromo: 
phores (cryptoviolin) and one phycoerythrobilin 
chromophore. se 

This paper outlines the finding of an. unusual 
type I phycoerythrin of form a, £, in. which the a 
subunits can be of four different types. The « 
subunits possess chromophores of the cryptoviolin 
type [11]. Evidence is presented for a phycoeryth- 
rin protein that has subunits with the ability to 
absorb light from 540 nm to 644 nm and emit 
fluorescence at wavelengths from 574 to 652 nm. 
It is suggested that one or more of the a subunits 
of this phycoerythrin may provide the inter- 
mediate components necessary for energy transfer 
to chlorophyll a. After this work was completed, 
Guard-Friar and MacColl [12] reported the sep- 
aration of two a subunits of phycoerythrin from 
Rhodomonas. The subunits possessed identical 
chromophores but differed in amino-acid com- 
position and molecular weight. 


Materials and Methods 


Culture methods 

Algal cells of an unidentified Chroomonas 
species (C.S.I.R.O. Division of Fisheries No. CS24; 
Hobart, Australia, 7000) were cultivated in a mod- 
ified ‘fe’ medium [13] at 18°C under constan 
illumination of 20 pmol-m~?-s~! (Mazda uni 
versal white fluorescent tubes). The ‘fe’ mediun 
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was further modified by substantially increasing 
the amount of nutrients and vitamins. 2 ml of 
each nutrient stock solution and 0.4 ml of vitamin 
stock (2000 ug - ml~! thiamin, 160 ug: ml! B-12, 
80 xg-ml~! biotin), were added to 1 litre of sea 
water. After 3 weeks growth, the algae were 
harvested for determination of phycobiliproteins. 


Harvesting and extraction of phycobiliproteins 

The unialgal cultures were harvested by centri- 
fugation at 4°C, (10 min at 3000 x g). The cells 
were resuspended in 0.5 M potassium phosphate, 
0.3 M potassium citrate buffer (pH 7.2) and ho- 
mogenized in a glass homogenizer. The cell sus- 
pension was then subjected to a single passage 
through a French press at 82.75 MPa. The re- 
sultant solution was centrifuged for 30 min at 
27000 Xg, giving a pellet of cell debris and 
thylakoid membranes and a supernatant contain- 
ing phycoerythrin. The pellet was rehomogenized 
in buffer and centrifuged as before. All super- 
natants were combined and stored at — 22°C until 
required. 


Purification of phycoerythrin 

The crude extract of phycobiltproteins was di- 
alysed against 50 mM Tris-HCl buffer (pH 7.0), 
(4 <5 litre) for 24 h at 4°C. The dialysate was 
centrifuged for 30 min at 27000 x g and the re- 
sultant supernatant was subjected to ammonium 
sulphate fractionation at 4°C. Three fractions were 
separated (0-40%, 40-70% and 70-90%). At each 
stage, the solution was left to stand for 1 h. 
Phycoerythrin was present in both the 40-70% 
and 70-90% fractions. Based on the absorbance 
spectrum and the A.,,/A 2.) ratio, the 70-90% 
fraction was selected for further purification. 

The 70-90% precipitate was resuspended in a 
small volume of 50 mM Tris-HCI buffer (pH 7.0) 
and dialysed against the same buffer for 24 h 
(6 xX 5 litre). The dialysed extract was then centri- 
fuged and the supernatant concentrated using 
membrane cones (Amicon type CF 25). 

The phycoerythrin was further purified by gel 
filtration (Ultrogel AcA54, L.K.B.) at 4°C on a 
column 90 x 1.5 cm, with a flow rate of 20 ml - h7t. 
Fractions were collected and their A.4,/A 9 ratios 
monitored. Fractions with an A54,/Ao9) ratio > 
10.0 were pooled for further study. Exposure to 
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light was avoided during all stages of purification, 
by covering the column and collector with back 
cloth. Preparations were stored at —22°C in the 
dark to prevent photodegradation. 


Molecular weight determination 

The molecular weight of purified phycoerythnn 
was determined by gel filtration on Sephadex G- 
100 (90 X 1.5 cm column, flow rate 6 ml-h~*) 
which had been calibrated with proteins of known 
molecular weight: haemoglobin (64000), ovalbu- 
min (43000), chymotrypsin (25000) and myoglo- 
bin (17200). The void volume of the column was 
determined using Blue dextran (2000000). 


Spectroscopic measurements 

Fluorescence (excitation and emission spectra) 
was recorded using a Perkin-Elmer MPF-44B 
spectrophotofluorimeter. Excitation spectra were 
obtained in the ratio mode and not otherwise 
corrected. All samples used had an absorbance 
value of less than 0.05 at the absorbance maxi- 
mum for phycoerythrin (i.e., 545 nm) and were 
diluted in buffer for room temperature measure- 
ments. The absorbance spectra were obtained on a 
Pye Unicam SP8-200 spectrophotometer, at room 
temperature. 


Separation of phycoerythrin subunits 

Phycoerythrin in 8 M urea, 50 mM Tris-HCl 
(pH 7.0) was applied to an Ultrogel AcA54 col- 
umn (column 45 x 1.5 cm, flow rate 12 ml- h~?) 
equilibrated in the same buffer. Two coloured 
bands eluted from the column, a pink followed by 
a blue fraction. The peaks of these fractions were 
selected for further analysis and the shoulders 
discarded. 

Purified phycoerythrin and subunits obtained 
by gel filtration were further separated by ion 
exchange chromatography. The samples in 8 M 
urea, 5 mM ammonium acetate (pH 5.1) were 
applied to a column of carboxymethyl cellulose 
(Whatman CM32), which had been equilibrated in 
the same buffer and then developed with an in- 
creasing ammonium acetate gradient (5-150 mM 
ammonium acetate, column 15 x 1.0 cm, flow rate 
28 ml-h~'), 

Pink, blue and purple bands developed on the 
column. 2 ml fractions were collected and ab- 


sorbance spectra recorded. Fractions at the centre 
of each band were combined and stored at — 22°C 
until required. 


Polyacrylamide gel electrophoresis 

Protein samples were denatured for electro- 
phoresis by reconstituting lyophylized samples in 
0.1 M dithiothreitol, 3% SDS and 20% sucrose, 
followed by boiling for 2 min. Polyacrylamide gel 
electrophoresis in the presence of sodium dodecyl 
sulphate was performed at 22°C using a modified 
Laemmli type gel 0.6 mm thick, with an acryla- 
mide-to-N, N’-methylenebisacrylamide ratio of 
50:1 [14]. The separating gel was made up of a 
linear gradient from 15-20% acrylamide accompa- 
nied by a 5~12.5% sucrose gradient and contained 
0.2% SDS, 6% urea, 0.05% TEMED, 0.025% am- 
monium persulphate, and 0.375 M Tris-HCl (pH 
8.5). The stacking gel contained 6% acrylamide, 
0.1% SDS, 4% urea, 0.05% TEMED, 0.07% am- 
monium persulphate and 0.125 M Tris-HCl (pH 
6.8) [15]. 

The running buffer was 50 mM Tris, 380 mM 
glycine and 0.1% SDS (pH 8.5). Gels were run at a 
constant current of 9 mA for 16 h. Molecular 
weights were determined by using the following 
protein markers: phosphorylase b (94 kDa), bovine 
serum albumin (67 kDa), ovalbumin (43 kDa), 
carbonic anhydrase (30 kDa); soybean trypsin 
inhibitor (20.1 kDa), and a-lactalbumin (14.4 
kDa). 

Gels were stained in Coomassie brilliant blue R 
and destained in 7% acetic acid/30% methanol 
before photographing. 


Results 


Isolation and purification 

Phycoerythrin was purified to an Axio/A ep 
ratio of greater than 10 by ammonium sulphate 
fractionation and gel filtration. It was free of 
chlorophylls a and c, and carotenoid (Fig. 1). 
32% of the phycoerythrin was recovered from the 
crude extract with an 18.7-fold increase in purity 
based on the changes in ratio of A545 nm/ £280 nm 
(Table I). It had a typical type I visible ab- 
sorbance spectrum with a peak at 545 nm and a 
shoulder at 564 nm. However, a small absorbance 
peak was also observed at 644 nm (Fig. 1). Excita- 
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Fig. 1. Absorbance spectra of Chreomonas sp. whole cells, and 
purified phycoerythnn. — — —, Whole cells; , purified 
phycoerythrin; - - - - - - , purified phycoerythrin (X 10). 





tion of the native protein at 535 nm resulted in a 
large fluorescence emission band peaking at 586 
nm with a minor maximum at 648 nm. Excitation 
at 625 nm resulted in a single emission peak at 648 
nm (Fig. 2). The excitation spectrum for 715 nm 
emission from phycoerythrin has a large 545 nm 
peak with a shoulder at 564 nm and another peak 
at 640 nm (Fig. 3). 


TABLE I 
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Fluorescence emission 





550 600 650 700 750 
Wavelength, nm 


Fig. 2. Fluorescence emission spectrum of purified 
phycoerythrin excited at 535 nm ( ) and at 625 nm 


(---) 





Molecular weight determination 

The molecular weight of the native protein as 
determined by gel filtration was 63500. This value 
is larger than other cryptophyte phycoerythrins 
and is consistent with an a, £, structure. 


Separation of subunits in 8 M urea (pH 7.0) 
Purified phycoerythrin was separated into two 

coloured fractions by gel filtration in 8 M urea. 

The first fraction was pink and had absorbance 


PURIFICATION OF PHYCOERYTHRIN FROM CHROOMONAS CS24 


Protein Phycoerythrin A sas /A 290 Phycoerythrin 
A 280 nm A545 nm recovery (%) 
Initial crude extract 210 139 0.66 100 
70-90% ammonium 
sulphate precipitation 13.1 77 5 88 55.4 
Gel filtration (AcA54) 3.6 44.5 12.39 32.0 
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Fluorescence excitation 


500 550 600 650 


Wavelength, nm 
Fig 3 Fluorescence excitation spectrum of pumnfied 
phycoerythrin recorded at 715 nm emission. 


peaks at 532 nm, 585 nm and a small shoulder at 
644 nm (Fig. 4). Fluorescence emission at 600 nm 
was observed when this fraction was excited at 





00 350 400 450 500 553 600 650 700 
Wavelength, nm 


Fig. 4. Absorbance spectra of the pnk and blue subunit 
fractions of phycoerythrin isolated in 8 M urea (pH 7.0) by gel 
filtration. , pink fraction (8 subunit); —-—-- ; blue 
fraction (a subunit complex) 





Fluorescence emission 


600 650 570 600 650 680 
Wavelength, nm 


Fig. 5. Fluorescence emission of the pink (A) and blue (B) 
fractions isolated in 8 M urea (pH 7.0): , excited at 535 
nm, — — —, excited at 625 nm. 





535 nm. Excitation at 625 nm resulted in a small 
shoulder in the 650 nm region (Fig. 5A). 

The second fraction was blue, with absorbance 
peaks at 344, 590 and 644 nm. (Fig. 4). This 
fraction had fluorescence emission peaks at 600 
and 648 nm when excited at 535 nm and a single 
peak at 648 nm when excited at 625 nm (Fig. 5B). 
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300 350 400 450 500 550 600 650 700 
Wavelength, nm 


Fig. 6. Absorbance spectra of the pink fraction (B subunit) 
isolated at pH 7.0 (8 M urea), following titration with HCI to 
pH 1 9 and then to 8.5. @ @, pH 8.5; , pH 7.0; 
soe , pH 4.9; —— —, pH 1 9, 3.0. 








The two fractions isolated were titrated with 
HCI to pH 1.9 and with NaOH back up to pH 
10.0. The pink fraction, at low pH, lost its 585 nm 
absorbance peak and the principal absorbance 
peak shifted from 532 to 540 nm. When the pH 
was increased to 6.5 the absorbance maximum 
shifted back to 532 nm and the peak became 
broader. At higher pH (8.5, 10.0) the absorbance 
spectrum changed with reduced absorbance at 532 
nm and the re-appearance of peaks at 585 nm and 
644 nm (Fig. 6). 

The colour of the blue fraction on titration to 
low pH (1.9, 3.0) undergoes a complete change to 
purple, which is reversed by titration back to pH 
8.5 and above. Associated with this colour change 
from blue to purple is the disappearance of the 
644 nm absorbance and the appearance of a major 
peak at 560 nm. The peak which is present at 344 
nm at high pH shows a shift to 330 nm at pH 1.9 
(Fig. 7). 

The fluorescence properties of the pink 8 and 
blue a subunit complexes isolated in 8 M urea at 
pH 7.0 showed the same reversible changes upon 
titration to high and low pH that are seen in the 
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Absorbance 
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Wavelength, nm 
Fig. 7. Absorbance spectra of the blue fraction (a subunit 
complex) isolated at pH 7.0 (8 M urea) following titration with 
HCI to pH 1.9 and titration with NaOH back to pH > 7.0. 
. pH > 7.0; ———. pH 4.9; -----: pH 3.0; 
E, pH 1.9. 
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Fig. 8. SDS-polyacrylamide gel electrophoresis of phycoeryth- 
rin and its subunits. 1, marker proteins; 2. punfied 
phycoerythrin; 3, pink fraction, 8 subunit; 4. blue fraction, a 
subunit complex; 5, 8 subunit; 6, a, subunit; 7, a; subunit; 8, 


a, subunit; 9, a subunit. 


absorbance spectra. The pink subunits showed no 
change in fluorescence at pH 1.9 and 3.0, but at 
pH 8.5 and 11.0 a small fluorescence peak was 
seen at 648 nm as well as an emission maximum at 
600 nm. The blue fraction, containing the a sub- 
units, showed a complete loss of 648 nm fluores- 
cence emission at pH 1.9. At pH 7.0 and above 
the major fluorescence peak at 648 nm was evi- 
dent; at pH 1.9 the major fluorescence peak was 
at 590 nm (results not shown). 

Analysis of the polypeptides by SDS-poly- 
acrylamide gel electrophoresis on these two frac- 
tions showed that the pink fraction contained a 
single band at 20.5 kDa whereas the blue fraction 
contained two bands, one at 12.0 kDa and the 
other at 11.0 kDa (Fig. 8). The harvesting, isola- 
tion and purification of phycoerythrin was re- 
peated in the presence of the proteolytic inhibitor 
phenylmethylsulphonyl fluoride (final concentra- 
tion 1 mM). Identical results to the above were 
obtained. 


Subunit separation in 8 M urea-ammonium acetate 
(pH 5.1) 

Ion exchange chromatography of purified 
phycoerythrin gave rise to five coloured fractions. 
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300 350 400 450 500 550 600 650 700 
Wavelength, nm 
Fig. 9. Absorbance spectrum of 8 subunit isolated by ion 
exchange chromatography in 8 M urea (pH 5.1). 


These fractions in order of elution from the CM32 
column were designated as the $ (pink), a,(biue), 
aj(purple), a,(blue), a4(purple) subunits of 
phycoerythrin. This terminology is based on that 
of Mérschel and Wehrmeyer [16] in which the 
larger polypeptide is designated 8 and the smaller 
polypeptide subunits which differ from each other 
by approx. 1 kDa are designated a, and a, re- 
spectively. The 8 subunit isolated at pH 5.1 had 
an absorbance peak at 540 nm and a fluorescence 
emission peak at 574 nm (Figs. 9 and 10). 

The a, and a, subunits both had absorbance 
maxima at 344, 594 and 644 nm and fluorescence 
emission at 578 and 652 nm when excited at 535 


Fluorescence emission 





Wavelength, nm 


Fig. 10. Fluorescence emission spectra of a and B suburits in 
& M urea (pH 5.1). Excitation wavelength 535 nm. =-= -~ -B 
subunit; —— -— ——, @ and a, subunit, . a and a4 
subunit. 
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Absorbance 
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250 300 350 400 450 500 550 600 650 700 
Wavelength, nm 
Fig. 11. Absorbance spectra of a,, a, aj, a5, subunits iso- 
lated in 8 M urea, (pH 5.1). , @ and a, subunits: 
a ene SI . a; and a subunits. 





nm (Figs. 10 and 11). The a; and a4 subunits had 
major absorbance peaks at 330 and 560 nm with a 
small peak at 644 nm and a shoulder at 594 nm 
(Fig. 11). Fluorescence emission at 586 nm was 
observed when the two a’ subunits were excited at 
535 nm (Fig. 10). The two blue a subunits were 
found to be sensitive to pH change, reversibly 
showing change in spectral properties between the 
644 nm absorbance spectrum and the 560 nm 
spectrum at high and low pH, respectively. The 
two a’ subunits were found to alter on prolonged 
standing overnight, from 560 nm absorbance to 
the 644 nm absorbance. Associated with this 
change in spectral properties was a complete loss 
of the purple colour. 

SDS-polyacrylamide gel electrophoresis of these 
fractions from the ion exchange column revealed 
that the pink fraction (8) contained a single poly- 
peptide with relative molecular mass of 20.5 kDa. 
The first blue and purple fractions (a, and a) 
contained a single polypeptide of 12.0 kDa whereas 
the second blue and purple fractions (a, and a‘) 
also had a single polypeptide but of relative 
molecular mass 11.0 kDa (Fig. 8). The pink and 
blue subunit fractions separated from phyco- 
erythrin by gel exclusion chromatography in 8 M 
urea (pH 7.0), as described above, were. further 
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analysed by elution with an ammonium acetate 
gradient from the CM32 ion exchange column. 
The blue fraction gave rise to four a subunits 
which were identical to those obtained from the 
native phycoerythrin. The pink fraction, however, 
gave variable results with one or more bands being 
resolved. These all possessed a single polypeptide 
of 20.5 kDa and had identical absorbance and 
fluorescence properties. This result suggests the 
possibility of charge heterogeneity in the 8 sub- 
unit as well as in the a subunit. 


Discussion 


The spectral properties of phycoerythrin iso- 
lated from Chroomonas CS24 are superficially 
those of a type I phycoerythrin, which is char- 
acterized by an absorbance peak at 544 nm and a 
shoulder at 564 nm [17,18]. The presence of a 
small absorbance peak at 644 nm is not character- 
istic of a type I phycoerythrin and has not been 
described previously. This absorbance cannot be 
attributed to chlorophyll c,, which has an ab- 
sorbance in the Soret region which is 5-times more 
intense than that in the red region of the spec- 
trum. No evidence was obtained for a peak or 
shoulder in the region of 460 nm in any prepara- 
tion of purified pycoerythrin. 

The high A,4,;/Az.) ratio of the purified 
phycoerythrin compares favourably with others 
previously [17,19] reported which range from 
greater than 6.0 to 8.5 and 12.5. The presence of 
an absorbance peak at 644 nm and fluorescence 
emission at 648 nm distinguishes this phycoeryth- 
rin from others. O’hEocha and Raftery [7] re- 
ported a slight absorbance at 620-630 nm in 
aqueous extracts of the cryptophyte Sennia sp. 
No. 9, which contained a type I phycoerythrin as 
its major accessory light harvesting pigment. They 
attributed this absorbance to phycocyanin. In our 
work, attempts to separate the 644 nm absorbance 
from phycoerythrin were unsuccessful. Methods 
such as ion exchange chromatography on DEAE- 
Sephacel using an increasing salt gradient, hydro- 
phobic interaction chromatography using phenyl- 
Sepharose, and sucrose density gradients were em- 
ployed. The absorbance at 644 nm was always 
associated with the 545 and 564 nm absorbance, 
suggesting that a single protein was being isolated. 
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Furthermore the 644 nm absorbance was associ- 
ated with two phycoerythrin (a, and a, ) subunits 
of unequal size and different charge. The other 
two subunits (af and aż) are also different with 
respect to size and charge and at pH 5.1 have little 
absorbance at 644 nm. Our results provide an 
explanation for those of O’hEocha and Raftery [7] 
and suggest that their ‘phycocyanin’ was also 
phycoerythrin containing an unusual chromo- 
phore. The nature of this chromophore is un- 
known but it is probably identical with ‘crypto- 
violin’ on the æ subunit of phycoerythrin from 
Rhodomonas lens [11] and PXB of phycoerythro- 
cyanin [20]. Although in our study the absorbance 
spectra of the various a subunits in 8 M urea 
varies greatly with pH, we interpret these results 
in terms of a single chromophore in which one 
absorbance predominates over the other according 
to its protonation and the conformation of the 
polypeptide. However, there is a precedent [21] for 
multiple uncharacterized chromophores in the 
cryptomonads. 

The 8 subunit has an absorbance spectrum that 
is consistent with the presence of the chromophore 
phycoerythrobilin with an absorbance peak at 540 
nm in acid urea. Absorbance maxima for 
phycoerythrobilin range from 538 to 567 nm [23]. 
O’hEocha [10,22] reports that in aqueous acid 
solutions phycoerythrobilin has absorbance peaks 
at 307 and 556 nm. No peak at 307 nm was 
observed in this study, but a peak was evident at 
304 nm. The 8 subunit also shows evidence of 644 
nm absorbance, which is enhanced when titrated 
to high pH (Fig. 6). In addition, fluorescence 
emission is seen at 648 nm (excitation at 625 nm) 
under these conditions. This suggests that the 
chromophore of the a subunit may also be present 
on the $ subunit, but that there are significantly 
fewer of this type of chromophore than the 
phycoerythrobilin type. 

The molecular mass of 63.5 kDa determined 
here by gel filtration correlates well with the struc- 
ture a, B,. It is proposed that the a component is 
composed of various combinations of the four a 
subunits described. The 8 subunits are all 20.5 
kDa, the a, and aí subunits are 12.0 kDa and the 
a, and a, subunits are 11.0 kDa as determined by 
the mobilities on SDS-polyacrylamide gel electro- 
phoresis. Therefore the structure a, 8, always re- 
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sults in a molecular mass within the range 
63.0-65.0 kDa. Our value of 63.5 kDa is signifi- 
cantly higher than other type I cryptophyte 
phycoerythrins which range from 30.8 kDa [18] to 
44.5 kDa [17]. Mérschel and Wehrmeyer [17] pro- 
posed an a, 8, structure for type I phycoerythrin 
where the a subunit is 9.9 kDa and the 8 subunit 
is 15.7 kDa. There is also a report [18] of a 
monomeric type I phycoerythrin with an aB com- 
position, with an a subunit of 11.0 kDa and a £ 
subunit of 17.7 kDa. Although considerable varia- 
tion may be expected in relative molecular masses 
determined in different laboratories by SDS-poly- 
acrylamide gel electrophoresis, much less variation 
is expected in values obtained by gel filtration. 
The present work suggests a greater degree of 
complexity than ‘previously reported for 
cryptophyte phycoerythrins and indicates strong 
structural similarities with cryptophyte phyco- 
cyanins [16,24]. 

In view of the colour changes obtained on 
separation of the phycoerythrin subunits, it is 
surprising that the unusual subunit chromophores 
(if typical of a type I cryptophyte phycoerythrin) 
have not been previously described. Brooks and 
Gantt [18] noted that the small subunit of types I 
and III phycoerythrin was blue when separated by 
SDS-polyacrylamide gel electrophoresis, but did 
not comment further. MacColl and Berns [25], 
using sucrose density gradients, found that the a 
subunit of phycoerythrin from R. lens was blue 
and had a molecular mass of 10 kDa. Most previ- 
ous workers [17,21] have separated the phyco- 
erythrin subunits by ion exchange chromatogra- 
phy or by sucrose density gradient centrifugation 
at pH 3.0. At this pH the 644 nm component was 
decreased in our study and may be completely 
missing in other species. We were unable to repeat 
the subunit separation at pH 3.0 due to the insolu- 
bility of our phycoerythrin at this pH. The spec- 
trum of the aggregated a subunits of R. lens at 
pH 3.0 showed absorbance maxima at 333 nm and 
560 nm [11] and are identical to those reported 
here for the a subunits at this pH. MacColl et al. 
[11] interpret their results in terms of two crypto- 
violin chromophores per one phycoerythrobilin on 
the a subunit, although stressing the unreliable 
basis of the calculation. Our results suggest that 
most of, if not all, the chromophores on the a 


subunit are not phycoerythrobilin but some other 
novel chromophore with affinities to both PXB 
and phycocyanobilin. However, it appears that the 
phycoerythrin of R. lens [11] is identical to that of 
Chroomonas CS24, However, the published spec- 
tra for the a subunit (Fig. 4 of Ref. 12) show no 
evidence of a shoulder at 304 nm due to phyco- 
erythrobilin. Our own data (Fig. 10) for the a, 
and a, subunits isolated by ion exchange chro- 
matography at pH 5.1 indicate only a very small 
shoulder at 550 nm, far less than would be ex- 
pected for a 1:2 ratio of phycoerythrobilin/ 
cryptoviolin. 

The phycobiliproteins of the cryptomonads are 
confined to the intrathylakoid spaces and since 
little is known of their organization and aggrega- 
tion [26], charge heterogeneity of a single protein 
may provide a system for molecular organization 
[17]. This, coupled with the presence of the novel 
chromophores described, may provide a model 
whereby protein molecules can align themselves in 
an energy transfer chain that is similar to that of 
the phycobilisome in the cyanophytes and red 
algae. Such a proposal has also been made for 
‘pigment 697’ as a final energy trap in Chro- 
omonas phycocyanin 645 [27]. Additionally, a 
chromophore that reversibly alters with pH may 
have implications in the control and optimization 
of light absorption and energy transfer within the 
whole cell. However, we have not been able to 
demonstrate, in our extracts, significant energy 
transfer from phycoerythrobilin chromophores to 
the phycocyanobilin-like chromophores of the «a 
subunits. 
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Four forms of phycoerythrin have been isolated by chromatofocusing, with isoelectric points of 7.16, 6.24, 
5.46 and 4.98. Each isoprotein has a type I absorbance maximum at 545 nm and a shoulder at 564 nm with a 
small shoulder at 644 nm. Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulphate and 
urea revealed that the four isoprotein fractions contain a 8-subunit of 20.5 kDa but are different with 
respect to the a subunits. The p7 7.16 isoprotein lacked the a polypeptide at 12.0 kDa, whereas the p/ 4.98 
and p/ 5.46 forms contained predominantly the 12.0 kDa a polypeptide. The predominant p/ 6.24 isoprotein 
contained a subunits of both 11 kDa and 12 kDa. Ion exchange chromatography of the a subunits showed 
that both existed as two differently charged species. Isoelectric focusing confirmed the existence of multiple 
forms of phycoerythrin. Eight or nine species of phycoerythrin were separated, consistent with the previously 
postulated a, 8, structure (Martin, C.D. and Hiller, R.G. (1987) Biochim. Biophys. Acta 923, 88-97). None 
of the multiple forms isolated appears to be a specific intermediate in energy transfer between bulk 


phycoerythrin and chlorophyll a. 


Introduction 


Although the Cryptophyceae possess phycobi- 
liprotems they lack phycobilisomes and the 
phycobiliproteins are confined to the thylakoid 
lumen. Little is known of the mechanism whereby 
energy is transferred from them to chlorophylls a 
or c,, as allophycocyanin is always absent, as is 
phycocyanin, from those species which have 
phycoerythrin as accessory light harvesting pig- 
ment proteins [1]. As almost all cryptomonad 
phycobiliproteins characterized show multiple 
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components [2-7], their occurrence, with isoelec- 
tric points ranging from slightly acidic to slightly 
basic, seems to be of significance in the crypto- 
phytes. The multiple forms of crytomonad bi- 
liproteins may be built up into an energy transfer 
chain similar to that of the phycobilisome in the 
blue-green and red algae [7]. 

Martin and Hiller [8] have found four a sub- 
units in a cryptophyte (Chroomonas (CS24) 
phycoerythrin. These a subunits show differences 
in spectral properties, relative molecular mass and 
charge. Since it is proposed that the phycoerythrin 
has an aß, structure, the number of possible 
combinations is ten, if the 8 subunit is invariant 
and if the a component can be composed of two 
identical polypeptides as well as varying pair com- 
binations of the four a polypeptides. If only two 
forms of a subunit exist, the number of isopro- 
teins reduces to three. However the number of 
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possible isoproteins could be much greater than 
ten if the 8 subunits also showed charge variation. 
This study was undertaken to see whether the 
holoproteins showed any or all of the potential 
variation arising from the subunit analysis and 
whether any variant has properties of an inter- 
mediate carrier in energy transfer between bulk 
phycoerythrin and chlorophyll. 


Materials and Methods 


Chroomonas CS24 cells were grown and 
harvested as described previously [8]. Phycoeryth- 
rin was released from the cells by a single passage 
through a French press at 82.75 MPa and the 
resultant solution was centrifuged. The super- 
natant was subject to extensive dialysis in 50 mM 
Tris-HCl buffer (pH 7.0) and ammonium sulphate 
fractionation (70-90% saturation level). The pre- 
cipitate was dissolved in Tris-HCl buffer (pH 7.0) 
and dialysed for 24 h against the same buffer. 

After dialysis, the sample was centrifuged and 
dialysed against 0.025 M imidazole (pH 7.4) for 
several hours. All procedures were carried out at 
4°C. ; 


Chromatofocusing 

The multiple pigment forms of phycoerythrin 
were separated using a chromatofocusing tech- 
nique (Pharmacia) at 4°C. The column (30 x 1.5 
cm) of PBE exchanger was equilibrated in 0.025 
M imidazole (pH 7.4) and the proteins eluted with 
polybuffer 74. Polybuffer 74 was titrated to an 
initial pH of 4.0 with HCL As the pH gradient 
developed in the column the proteins eluted at 
their isoelectric points (flow rate 15 ml-h~‘). 
Fractions were collected, and their A.45/4agg ratio, 
pH, absorbance and fluorescence emission spectra 
were recorded. Polybuffer was removed from the 
samples by precipitating the proteins with 
80-100% saturated ammonium sulphate. The sam- 
ples were left for 1-2 h before collecting the 
protein precipitate by centrifugation. The proteins 
were resuspended in 50 mM Tris-HCl (pH 7.0), 
dialysed overnight, lyophilized and stored at 
— 22°C until required. 


Isoelectric focusing 
Isoelectric focusing was performed at 10°C 
using a 6% acrylamide, 1.8% N,N’-methylene- 
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bisacrylamide gel, 0.6 mm thick incorporating 8% 
of LKB standard preparation of ampholines 
covering a pH range from 3.5 to 9.5. The gels 
contained 16% glycerol, 0.02% TEMED and 
0.016% ammonium persulphate. The gels were run 
for 1 h with a limiting voltage of 2000 V. They 
were photographed under ultraviolet light, prior to 
staining with Coomassie brilliant blue R. The gels 
were destained in 7% acetic acid/30% methanol 
and photographed. Standard proteins were the 
Pharmacia wide range p/ calibration kit. 


Spectroscopic measurements 

Fluorescence measurements (excitation and 
emission) were recorded using a Perkin-Elmer 
MPF-44B _ spectrophotofluorimeter. Excitation 
spectra were obtained in the ratio mode and not 
otherwise corrected. All samples used had an ab- 
sorbance value of less than 0.05 at the absorbance 
maximum for phycoerythrin (i.e., 545 nm) and 
were diluted in buffer for room temperature mea- 
surements. The absorbance spectra were obtained 
on a Pye Unicam SP8-200 spectrophotometer. 


Subunit separation 

Subunit separation by ion exchange chro- 
matography and SDS-polyacrylamide gel electro- 
phoresis was performed as described in the previ- 
ous paper [8]. 


Results 


Isolation of multiple forms and spectral properties 
Phycoerythrin was purified to an 4545/4280 
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Fig. 1. Elution profile of phycoerythrin isoproteins isolated by 
chromatofocusing 
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Fig 2. Absorbance spectra of multiple forms of phycoerythrin 
isolated by chromatofocusing , pl 716; ———, pI 
6.24; — - —-, pf 5.46; —--—+-, pf 498, 
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Fig. 3. Fluorescence emission spectra of multiple forms of 


phycoerythrin isolated by chromatofocusing. , pZ 7.16; 
=-=- , DI 6.24; --—--, pI 5.46; — — —, pI 4 98. 





ratio of 7.0 by dialysis and ammonium sulphate 
precipitation. Chromatofocusing of phycoerythrin 
reproducibly resolved four isoproteins with iso- 
electric points at 7.16, 6.24, 5.46 and 4.98. Fig. 1 
shows a typical elution profile of the phycoeryth- 
rin obtained from the PBE column. The relative 
amounts of each form calculated from the elution 
profile were 2.3:13:5:1 for the pZ 7.16, pI 6.24, 
př 5.46 and p/ 4.98 isoproteins, respectively. All 
four proteins have absorbance maxima at 545 nm 
and a shoulder at 564 nm (Fig. 2), which is typical 
of a type I cryptophyte phycoerythrin [9], except 
that each protein has a small absorbance peak at 
644 nm. There is a difference in the amount of 
absorbance at 644 nm, with the p/ 5.46 isoprotein 
having the greatest absorbance at this wavelength 
and the highest A,,,/A5,, ratio. Difference spec- 
tra between the pJ 6.24 and pZ 5.46 forms con- 
firmed this finding. The A.,,/A..,. ratios of the 
four proteins were 7.4, 10, 8.5 and 5.8, respec- 
tively. Fluorescence emission spectra (excitation at 
535 nm) of the four proteins are shown in Fig. 3. 
The protein with pZ 7.16 differs slightly from the 
other three having an emission peak at 581 nm 
and a shoulder at 625 nm. The other three pro- 
teins have similar asymmetrical spectra, but the 
peak is at 583 nm. 


Isoelectric focusing 

The two most abundant forms (p/ 6.24 and p/ 
5.46) of phycoerythrin collectively resolved into 
six different bands, three present in each form and 
all showing bright orange fluorescence under ul- 
traviolet light. The př 6.24 isoprotein resolved 
bands with p/ values of 5.85, 6.0 and 6.3, respec- 
tively. The pJ 5.46 fraction resolved three bands 
with p7 values of 5.15, 5.35 and 5.5, respectively 
(Fig. 4A and B). 

The p? 7.16 isoprotein fraction contained two 
weakly fluorescent bands (white arrows in Fig. 4A 
and B) and these had isoelectric points at pH 6.55 
and 6.85. The pī 4.98 isoprotein was shown to 
contain a band at p7 5.1, which was fluorescent 
under ultraviolet light, and an additional band 
focusing at pI 5.75, which was non-fluorescent, 
but stained with Coomassie brilliant blue R. The 
fluorescent band (p7 5.1) isolated from this frac- 
tion was only marginally different in position to 
the p7 5.15 band isolated from the pJ 5.46 frac- 
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Fig. 4. Multiple forms of phycoerythrin separated by isoelec- 
trofocusing. (A) Stained with Coomassie brilliant blue R. (B) 
Fluorescent forms under ultraviolet light. (A) 1, standard 


marker proteins; 2-5, phycoerythrin p/ 7.16, 6.24, 5.46, 4.98. 
(B) 6-9, phycoerythrin p/ 7.16, 6.24, 5.46, 4.98. Arrows indi- 


cate positions of bands clearly visible by visual inspection. 


tion and it is possible that these represent the 
same phycoerythrin. If, however, these are differ- 
ent, then the total number of fluorescent 
phycoerythrin proteins detected by isoelectric 
focusing is nine, with isoelectric points, 5.1, 5.15, 
§.35, 5.5, 5.85, 6.0, 6.3, 6.55 and 6.85. 


SDS-polyacrylamide gel electrophoresis 
The electrophoretic separation of the native 
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Fig. 5. SDS-polyacrylamide gel electrophoresis (15-20% poly- 
acrylamide gradiemt). Lanes 1-4, phycoerythrin p/ 7.16, 6.24, 
5.46, 4.98. 
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phycoerythrin into subunits by SDS-polyacryla- 
mide gel electrophoresis is shown in Fig. 5. The p/ 
6.24 protein has a heavy band at 20.5 kDa (£ 
subunit) and two other bands at 12.0 kDa and 
11.0 kDa (a subunits), whereas the p/ 7.16 protein 
does not contain the a band of 12.0 kDa. The two 
proteins with the lowest p/ values (5.46 and 4.98) 
appear to contain bands of both 12.0 kDa and 
11.0 kDa but there is a quantitative difference, the 
12 kDa polypeptide predominating. 


Subunit analysis 

lon exchange chromatography of the p/ 6.24 
protein in 8 M urea at pH 5.1 resolved five 
subunits, a 8 subunit and four a subunits. Molec- 
ular masses of these subunits calculated from their 
mobilities on SDS gels were 20.5 kDa (f), 12.0 
kDa (a, ai), and 11.0 kDa (a,, a5). The subunits 
isolated from the p/ 6.24 protein did not differ in 
absorbance and fluorescence properties from those 
previously isolated [8] from the total phycoeryth- 
rin. 


Discussion 


Four forms of a type 1 phycoerythrin have 
been isolated by chromatofocusing, purified and 
partially characterized. The four proteins differ in 
their isoelectric points and subunit composition 
All have the same absorbance spectrum, and very 
similar fluorescence emission spectra. Isoelectric 
focusing on these four protein fractions resolved 
at least eight and possibly nine phycoerythrin 
isoproteins, ranging from p/ 5.1 to p/ 6.85. Others 
[2-7] have reported charge heterogeneity and mul- 
tiple components within cryptomonad biliproteins 
both in phycoerythrin and phycocyanin. Mörsche!l 
and Wehrmeyer [7] found three charge isomers of 
phycoerythrin in Cryptomonas maculata with 1so- 
electric points at 7.83, 5.05 and 4.84. These dif- 
fered slightly in absorbance spectra, fluorescence 
emission spectra and molecular structure. The 
electrophoretic differences were attributed to the 
a subunits which show charge heterogeneity 
MOrschel and Wehrmeyer [6], using sucrose den- 
sity gradient electrofocusing, also isolated five iso- 
proteins from a cryptophyte phycocyanin 645 with 
isoelectric points ranging from 7.03 to 4.88. They 
determined by SDS gel electrophoresis that 
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phycocyanin 645 contained three subunits. a large 
p subunit (15.5 kDa) and two lighter subunits (a, 
and a,), with molecular masses of 9.2 and 10.4 
kDa, respectively, and suggest for this particular 
biliprotein the quaternary structure (a, Xa, £). 
Our analysis of the peptides from the phycoeryth- 
rin forms separated by chromatofocusing demen- 
strates, in addition, that the a component can be 
composed of the same or different polypeptides of 
identical molecular mass, since the p/ 4.98 isopro- 
tein contains only the 12 kDa a, peptides and the 
p/ 7.16 isoprotein the a, polypeptides. 

Multiple forms of phycoerythrin and phyco- 
cyanin in the Cryptophyceae are usual; phyco- 
cyanin from Hemiselmis virescens Plymouth 157 is 
exceptional [5]. It seems unlikely that they arise 
from artifacts. Although Glazer et al. [2] suggested 
that the different components were products of 
photodegradation, MacColl et al. [4] demonstrated 
by re-electrofocusing experiments that the occur- 
rence of multiple forms was not artifactual. 
Mé6rschel and Wehrmeyer [7] also found that re- 
electrofocusing did not produce any new bands 
and gave consistently reproducibly results. In this 
study all stages were kept in the dark and where 
possible were performed at 4°C. In addition SDS 
gel electrophoresis of samples 11 days old (stored 
at ~ 22°C in the dark) gave no additional bands 
when compared to fresh material. 

The modification to several isoproteins which is 
typical for biliproteins might be important for 
molecule organization and alignment as well as 
light harvesting and energy transfer. However, in 
this and all previous studies, the spectral proper- 
ties of the various isoproteins are so similar that 
none bridges the energy gap between the bi- 
liprotein fluorescence and the principal red ab- 
sorbance band of chlorophyll a. This is in marked 
contrast to the situation in the phycobilisome 
[10,11], where not only are different phyco- 
biliproteins present, but their individual spectral 
properties are modified by colourless spacer pro- 
teins ensuring small, directed, energy transfer steps 


between the chromophores. If charge isomers of 
cryptomonad phycobiliproteins are of significance 
in energy transfer to the intrinsic chlorophyll-pro- 
teins of the thylakoids, then this can only be in 
conjunction with as yet unknown colourless solu- 
ble proteins, interaction with thylakoid proteins 
adjoining the lumen, or perhaps simply as a result 
of concentration effects. We calculate that the 
concentration of phycoerythrin within the thyla- 
koid lumen in Chroomonas CS24 is 100-times 
greater than that used for obtaining absorbance 
spectra and 1000-times greater than that for fluo- 
rescence measurements [12]. 
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The metabolism of deoxyguanosine in mitochondria: a characterization 
of the phosphorylation process which occurs in intact mitochondria 
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Isolated, intact mitochondria were evaluated for their ability to phosphorylate deoxyguanosine. This activity 
was stimulated by exogenous ATP, substrates for oxidative phosphorylation or added inorganic phosphate. 
Inhibitors of oxidative phosphorylation lowered the levels of deoxyguanosine phosphorylation. From a 
Hanes plot, an apparent K „ of 0.83 uM deoxyguanosine was calculated for the phosphorylation activity in 
intact mitochondria. In the presence of a 20-fold excess of added deoxynucleosides, none of those tested 
were strongly inhibitory. However, added UDP and dTDP were stimulatory and dGTP and dGDP were 
inhibitory to the phosphorylation of deoxyguanosine. These data show that mitochondria phosphorylate 
deoxyguanosine and that the process is regulated by other events which take place within the organelle. 


Introduction 


It is now well established that the mitochond- 
rion is the locus for the biosynthesis of its DNA. 
Furthermore, this organelle has been shown to 
contain a variety of enzymes important for the 
biosynthesis of the dNTPs which serve as im- 
mediate precursors to the mitochondrial genome 
[1-4]. Mitochondrial pools of dTTP and dGTP 
have been shown to be distinct from those of the 
cytoplasm [5,6], suggesting that the organelle pos- 
sesses the ability to provide precursors for its own 
DNA synthesis and may not rely on cytoplasmic 
sources. 

Exogenous dNTPs serve in vitro as mitochon- 
drial DNA precursors [7,8]. The mechanism by 


Abbreviations. Hepes, 4-(2-hydroxyethyl)-1-piperazineethane- 
sulfonic acid; Mops, 4-morpholinepropanesulfomic acid; DNP, 
2,4-dinitrophenol. 


Correspondence: Dr R A Lewis, Department of Biochemistry, 
University of Nevada, Reno, NV 89557, U.S.A 


which these metabolites are incorporated into the 
mitochondria has not been reported; thus, it is not 
known whether these molecules are transported as 
the triphosphate derivative or whether they are 
metabolized to another chemical form prior to the 
transport process. We have reported that at least 
one deoxynucleoside, deoxyguanosine, is trans- 
ported across the mitochondrial membrane barrier 
by a carrier-mediated process [9]. 

Fabianowska-Majewska and Greger [3] showed 
that rat liver mitochondria have the ability to 
phosphorylate the four common deoxynucleo- 
sides, including deoxyguanosine. Deoxyguanosine 
kinase activity was inhibited by thymidine, de- 
oxycytidine and deoxyadenosine and was stimu- 
lated by dTDP, dTTP and dATP. dGTP was a 
potent inhibitor. Calf thymus mitochondrial de- 
oxyguanosine kinase isolated by Gower et al. [4] 
was strongly inhibited by dGTP, dGDP and dITP 
and activated by dCDP, dTDP, dTTP, UDP and 
UTP. Thus, mitochondrial deoxyguanosine 
metabolism appears to a a highly regulated pro- 
cess. 
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Our laboratory is interested in the metabolism 
of deoxyguanosine in intact mitochondria. In pre- 
vious reports [9,10] it was shown that mitochondria 
take up deoxyguanosine by a carrier-mediated 
process which requires the hydrolysis of ATP and 
a functional electron transport chain. The process 
appears to be controlled by other nucleotides, 
particularly ADP. The present study extends our 
understanding of mitochondrial deoxyguanosine 
metabolism by characterizing the phosphorylation 
of deoxyguanosine in intact rat liver mitochon- 
dria. 


Materials and Methods 


Mitochondria isolation 

The differential centrifugation method of 
Chappell and Hansford. [11] was used to isolate 
mitochondria from Long Evans rat liver. Homo- 
genization buffer contained 250 mM sucrose, 30 
mM Hepes (pH 7.4), 0.5% defatted bovine serum 
albumin, 1 mM EGTA; isolation buffer contained 
250 mM sucrose, 5 mM Hepes (pH 7.4), 0.1 mM 
EGTA; final rinse buffer contained 150 mM KCI, 
5 mM Hepes (pH 7.4), 0.1 mM EGTA. Each step 
of the isolation was conducted at 4°C. The tissue 
was minced in isolation buffer and after rinsing 
the tissue once with homogenization buffer the 
tissue was homogenized with a Dounce homo- 
genizer. The supernatant produced by centrifuga- 
tion at 700X g for 10 min was recentrifuged at 
12000 x g for 10 min. The resulting pellet was 
resuspended in the same buffer and the process 
was repeated one time. This pellet was mixed with 
a small amount of the final KCl buffer and 
centrifuged at 18700 x g for 10 min. The pellet 
was suspended in a volume of approximately 3 ml 
of the KC] final rinse buffer. Respiratory control 
ratios for glutamate, malate and ADP were 
routinely measured to be 5-7. 


Phosphorylation assay 

Phosphorylation of deoxyguanosine was as- 
sayed in a buffer that contained 100 mM KCI, 75 
mM sucrose, 5 mM KH,PO,, 5 mM Hepes (pH 
7.0). When Mops and Tris were substituted for 
Hepes the uptake activity was essentially the same. 
The concentration of deoxyguanosine (typically 
5—60 uM [*H]dG) and other additions are indi- 


cated in the figure legends. Assay mixture (100 p1) 
was warmed to 37°C and the assay was started by 
the addition of 25 ul of mitochondria (final con- 
centration equals 0.3—0.5 mg protein/125 pl assay 
volume), Mitochondria were incubated at 37°C 
for various time periods as noted. The rate of 
phosphorylation was linear for at least 10 min and 
over the range of mitochondrial protein used. The 
phosphorylation reactions were stopped by the 
addition of 150 pl of cold ethanol and the assay 
tubes were immediately placed on ice prior to 
spotting on strips of PEI cellulose TLC plates. ‘To 
remove unreacted substrate, the plates were rinsed 
with 0.1 mM ammonium acetate and then with 
water. After three washes of each solvent, the 
strips were dried and the sample spots were put 
into scintillation vials containing toluene-based 
scintillation fluor and quantified by standard scin- 
tillation techniques. Reported data are the average 
of four to’six replicates per experiment and each 
experiment was repeated at least three times. 


Results 


Initial experiments were designed to test the 
influence of inorganic phosphate on deoxyguano- 
sine phosphorylation. Rates of phosphorylation 
were measured in two separate buffers and as a 
function of added phosphate. It is seen in Table I 
that exogenous phosphate stimulated the phos- 
phorylation process approximately 100%. As a 
result of these data, all further reactions were 
carried out in the presence of phosphate. 


TABLE I 


THE EFFECT OF PHOSPHATE ON DEOXYGUANOSINE 
PHOSPHORYLATION ACTIVITY IN MITOCHONDRIA 


The concentration of deoxyguanosine was 60 pM and samples 
were incubated for 10 min. 


Buffer (pH 7 0) Specific activity 
(pmol product formed / 
min per mg protein) 
150 mM KCl, 75 mM Tris 210 
150 mM KCl, 75 mM Tris, 
10 mM KH,PO, 395 


250 mM sucrose, 75 mM Tris 134 
250 mM sucrose, 75 mM Tns, 
10 mM KH,PO, 393 


AII 


TABLE II 


THE EFFECT OF EXOGENOUS ATP ON DE- 
OXY GUANOSINE PHOSPHORYLATION 


The activity was assayed with 10 uM deoxyguanosine. Incuba- 
tion was for 8 min. 


Substrate Specific activity Activity 
(pmol product (%) 
formed /min 
per mg protein) 

None 72 9742.73 100 

1 mM ATP 94,23 + 0.90 129 

10 mM ATP 101.90 + 3.77 140 


97.94 +0 74 134 
110.56 + 3.09 152 


1 mM ATP, 0.01 mM Mg?* 
10 mM ATP, 0.01 mM Mg?t 


Since phosphorylation of deoxyguanosine is 
known to require ATP, either in a direct or indi- 
rect manner, the influence of this compound was 
tested. Table II shows that added ATP signifi- 
cantly enhanced the phosphorylation of de- 
oxyguanosine, either with or without added Mg?+. 
Stimulation commonly varied between 115% and 
150% of the control. The reason for this range of 
activities is not known, but it may be due to 
factors which mfluence deoxyguanosine metabo- 
lism but which vary in concentration as mitochon- 
dria are isolated at differing times. Possible fac- 
tors include endogenous ATP, ADP, inorganic 
phosphate or precursors to the electron transport 
chain. 


TABLE II 
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Table III compares the influence of exogenous 
MgATP, MgADP and MgADP/ succinate / malate 
on the phosphorylating activity. In the presence of 
added phosphate, these additions made only small 
changes in the phosphorylation of deoxyguano- 
sine. However, in the absence of exogenous phos- 
phate, all three additions greatly stimulated the 
response. The stimulation appears to be one in 
which a diminished value in the absence of phos- 
phate was restored to values measured in the 
presence of phosphate. These data show the im- 
portance of phosphate and/or a high energy 
nucleotide in the phosphorylation process and 
suggest that oxidative phosphorylation or its prod- 
ucts are important for the phosphorylation of 
deoxyguanosine. 

To support that concept, the phosphorylation 
of deoxyguanosine was measured in the presence 
and absence of inhibitors of oxidative phosphory- 
lation (Table IV). In all cases, DNP and antimycin 
A inhibited dG phosphorylation, indicating that 
electron transport is important for the phosphory- 
lation of deoxyguanosine. KCN was also inhibi- 
tory, but its effect in the presence’ of ADP/ 
succinate/ malate were less than that in the ab- 
sence of these substrates. Oligomycin and atrac- 
tyloside were inhibitory in all cases except when 
both phosphate was present and ADP/ succinate / 
malate were absent. Atractyloside inhibition was 
more intense in the presence of ADP /succinate/ 
malate, suggesting the importance of the transport 


THE EFFECT OF EXOGENOUS ENERGY SOURCES IN THE ABSENCE AND PRESENCE OF P, ON PHOSPHORYTLA- 


TION ACTIVITY 


Phosphorylation activity was assayed for 10 min with 50 pM deoxyguanosine When present, phosphate (P,) was added at a 


concentration of 10 mM. 


Substrate Specific activity 
(pmol product formed / 
min per mg protein) 
+P, -P 
None 8 57 +0.47 3.16 + 0.32 
10 mM MgATP 9.73 +0.09 8 96 +1.69 
10 mM MgADP 6.86 +0 59 705+0.29 
10 mM MgADP/ 7.27 41.28 6.08 + 0.38 
5 mM succinate / 
1 mM malate 


Activity (%) 
+P, —P, +P /—P ® 
100 100 271 
114 284 109 
80 223 97 
85 192 120 





a +P /—P. represents the ratio of the activity measured in the presence of phosphate to that measured ın the absence of phosphate, 


times 100. 
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TABLE IV 


THE EFFECT OF INHIBITORS OF OXIDATIVE PHOSPHORYLATION ON DEOXYGUANOSINE PHOSPHORYLATION 
IN THE PRESENCE AND ABSENCE OF PHOSPHATE 


The incubation buffers contained 50 pM deoxyguanosine and phosphorylation activity was assayed for 10 mun 


Additions Activity (%) 
no oxidative phosphorylation plus oxidative phosphorylation 
substrates substrates 
=P, +P, =P. +P, 
None 100 ° 100 ° 100 ° 100 ¢ 
10 mM KCN 24 67 89 73 
5 mM DNP 13 10 4 13 
0 7 pg olgomycim 65 108 21 61 
1 pg antimycin A 19 30 25 18 
3 2M atractyloside 63 95 36 22 


* 150 mM KCI, 75 mM Tns (pH 7 0). 
> 150 mM KCl, 75 mM Tns (pH 7.0), 10 mM KH,PO, 


° 150 mM KCl, 75 mM Tris (pH 7.0), 10 mM MgADP, 5 mM succinate, 1 mM malate. 
d 150 mM KCl, 75 mM Tns (pH 70), 10 mM MgADP, 5 mM succinate, 1 mM malate, 10 mM KH,PO, 


of ADP/ATP across the mitochondrial mem- 
brane. Collectively, these data show that inhibitors 
of oxidative phosphorylation block the phosphory- 
lation of deoxyguanosine. 

Kinetic data for phosphorylation activity are 
shown in Fig. 1 as a substrate saturation curve. 
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Fig. 1. Effect of substrate concentration on the phosphoryla- 
tion of deoxyguanosine. Assay buffer contained 100 mM KCI, 
75 mM sucrose, 10 mM Hepes (pH 7.0), 5 mM KH,PO,, 1 
mM ATP, 1 mM malate and 5 mM glutamate. Incubation was 
for 10 min at 37°C 


From a Hanes plot of these data the following 
kinetic constants were calculated: K,, (apparent) 
= 0.83 uM deoxyguanosine, Vax = 91 pmol prod- 
uct formed /min per mg protein. 

In order to test the influence of other nucleo- 
sides on deoxyguanosine phosphorylation, their 
competition with deoxyguanosine was measured 
under a variety of reaction conditions. Table V 
shows that under all conditions tested, there was 
very little inhibition of deoxyguanosine phos- 
phorylation caused by a 20-fold excess of added 
nucleosides. In the presence of added ATP, de- 
oxyadenosine and deoxycytidine were weakly in- 
hibitory. However, in the presence of ADP/ 
succinate/ malate, deoxyadenosine and deoxy- 
cytidine slightly stimulated, but deoxyinosine and 
guanosine weakly inhibited the phosphorylation of 
deoxyguanosine. 

Deoxyguanosine kinase activity has been re- 
ported to be affected by several nucleotides in- 
cluding dGTP and dGDP, which are known in- 
hibitors of the isolated enzyme. Conversely, dTTP, 
dTDP and UDP are known to be stimulatory to 
this catalytic activity [4]. Table VI shows the re- 
sponse of added nucleotides on the phosphory- 
lation of deoxyguanosine in intact mitochondria. 
Since the ratio of ATP /added nucleotide is 18/1, 
the influence of added nucleotide is probably not 
due to simple competition with ATP as a phos- 
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TABLE V 


THE EFFECT OF NUCLEOSIDES ON DEOXYGUANO- 


SINE PHOSPHORYLATION 


Phosphorylation was assayed for 10 min in a buffer containing 
10 »M deoxyguanosine. All nucleosides were added at a con- 


centration of 200 pM. 


Nucleoside Specific activity Activity 
(pmol product formed / (%) 
min per mg protein) 

A. No addition 

noaddeddN =: 18.2442.83 | 100 
dA 20 66 +0.73 113 
dI 14.65 + 5.40 80 
dC 18.60 + 2.03 102 
dT 16.48 + 0.37 90 
guanosine 18.31+518 100 
B 1mM ATP 
no added dN 25.85 +2.25 100 
dA 17.27+0 91 67 
dI 19.15 + 5.28 74 
dC 17.68 +0.37 68 
dT 19.05 +2.51 74 
guanosine 21 7840.16 84 
C 1mM ADP 
no added dN 16.43 + 0.06 100 
dA 15.21 +0.67 93 
dI 17.51 +0.45 107 
dC 20 60 + 1.24 125 
dT 15.52 +0.78 94 
guanosine 14.84 +3.42 90 
D. 1 mM ADP, 5 mM succinate, 1 mM malate 
no added dN 18.72 +0.88 100 
dA 24.54 +0 33 131 
dI 14.01 +2.27 75 
dC 23.00 + 2.44 123 
dT 17.95 +1.40 96 
guanosine 13.96 +2.47 75 


phate donor. The data show that UDP and dTDP 
were stimulatory, but dGTP and dGDP were in- 
hibitory. These data correlate well with that ob- 
served with the isolated deoxyguanosine kinase 
activity. 


Discussion 


Phosphorylation of deoxyguanosine in rat liver 
mitochondria appears to be a process which is 
interrelated with other functions of the organelle. 
This conclusion is supported by a variety of ex- 
perimental observations, including: (1) inorganic 
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TABLE VI 


THE EFFECT OF NUCLEOTIDES ON DEOXYGUANO- 
SINE PHOSPHORYLATION IN INTACT MITOCHON- 
DRIA 


The phosphorylation of deoxyguanosine was assayed in a 
buffer containing 125 mM MgATP, 22 uM deoxyguanosine, 
and 07 mM of added nucleotide Incubation was for 10 min 


Nucleotide Specific activity Activity 
(pmol product formed (%) 
/min per mg protein) 
None 21.47+2 76 100 
dTTP 22.49 + 2 67 105 
dTDP 37.12 + 2.37 173 
dATP 18.65+1 77 87 
dCTP 19.89 + 0.67 93 
dGTP 15.2240 63 71 
dGDP 13.69 + 1.73 64 
UDP 35.73 + 2.44 166 


phosphate or ATP stimulates the reaction, (ii) 
inhibitors of oxidative phosphorylation block the 
phosphorylation of deoxyguanosine, and (iti) the 
addition of various nucleotides modifies the phos- 
phorylation activity. 

A wide variety of inhibitors of oxidative phos- 
phorylation also inhibited deoxyguanosine phos- 
phorylation. Inhibition of deoxyguanosine phos- 
phorylation was strongest in the absence of added 
substrates for electron transport, especially without 
exogenous P. With the additions of substrates of 
oxidative phosphorylation, some of the inhibitors 
of oxidative phosphorylation became less potent 
as agents against deoxyguanosine phosphory- 
lation. Only DNP and antimycin A showed a 
consistent degree of inhibition. Neither of these 
two compounds block the phosphorylation of de- 
oxyguanosine when assayed with protein extracts 
prepared from mitochondria, so their action can 
not be attributed directly to the blocking of the 
deoxyguanosine phosphorylating enzymes (data 
not shown). 

With frozen mitochondria, ADP serves well as 
a source of energy for the phosphorylation of 
deoxyguanosine (data not shown). Presumably, 
mitochondrial deoxyguanosine kinase uses ATP 
formed from the action of mitochondrial adeny- 
late kinase on the added ADP. When the influence 
of atractyloside was tested with intact mitochon- 
dria which were supplemented with ADP, the 
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drug blocked deoxyguanosine phosphorylation. 
Since atractyloside is known to block the trans- 
port of ADP into and ATP out of the 
mitochondria, these data reveal that the phos- 
phorylation activity for deoxyguanosine is located 
within the matrix. Further indication of the matrix 
location of deoxyguanosine phosphorylating activ- 
ity was shown by the observation that ADP was 
inhibitory to the phosphorylation of deoxyguano- 
sine when intact mitochondria were used, whereas 
with fractured organelles, ADP supported de- 
oxyguanosine phosphorylation. If the phosphory- 
lating activity was in the inner membrane space, 
ATP formed by adenylate kinase would have sup- 
ported deoxyguanosine kinase activity, as it did in 
fractured mitochondria. This latter conclusion is 
consistent with a separate report [9] in which it 
was shown that deoxyguanosine is taken up and 
sequestered by mitochondria. 

UDP and dTDP were observed to stimulate the 
phosphorylation of deoxyguanosine. It was previ- 
ously reported that these two nucleotides stimu- 
late mitochondrial deoxyguanosine kinase activity 
when assayed in partially purified preparations 
[4]. Likewise, there is a correlation between the 
inhibition observed by dGTP and dGDP as docu- 
mented in this study and that seen with isolated 
deoxyguanosine kinase [4]. These data suggest that 
the phosporylation of deoxyguanosine in mito- 
chondria is a process regulated by other pathways 
of nucleotide metabolism. 

When intact mitochondria were used in the 
absence of added ATP or other sources of energy, 
little inhibition was observed when competing 
nucleotides were added at a 20:1 ratio. Thus, the 
phosphorylation of deoxyguanosine in the intact 
organelle appears to be relatively specific for that 
substrate. However, approximately 30% inhibition 


was measured for deoxyadenosine, deoxycytidine 
and deoxythymidine, when ATP was added as an 
energy source. About the same degree of inhibi- 
tion was observed for deoxyinosine and guanosine 
when ADP/succinate/ malate were added as en- 
ergy sources. Given the concentration of added 
nucleoside this degree of inhibition may not be 
highly significant; however, it is possible that any 
one of a variety of phosphorylated products of 
these nucleosides may be causing the slightly in- 
hibitory effects. 
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Phosphofructokinase purified from rabbit skeletal muscle is fully inactivated after freeze-drying and 
dissolution. The addition of trehalose or maltose to the enzyme solution prior to freeze-drying results in a 
recovery of up to 80% of the original activity. Slightly less stabilization is imparted by sucrose, whereas 
glucose and galactose at concentrations up to 500 mM are relatively ineffective at protecting phosphofruc- 
tokinase. Addition of ionic zinc to enzyme-sugar mixtures prior to freeze-drying greatly enhances the 
stabilization imparted by the above sugars. This effect is not simply due to the summation of the individual 
protective capacities of zinc and the sugar. Zinc alone affords no protection, but a high degree of 
stabilization is achieved when zinc is added to a sugar solution, even when the sugar is at a concentration at 
which, by itself, it is totally ineffective. In the presence of a constant sugar concentration (100 mM), 
freeze-dry stabilization of phosphofructokinase is increased as the concentration of zinc is increased. When 
the zinc concentration is held constant (0.9 mM) and the sugar concentration varied, the maximum 
stabilization is noted with less than 200 mM sugar. At higher solute concentrations the degree of 
enhancement decreases such that with 500 mM sugar the addition of zinc results in only a slight increase in 
protection. Several other organic solutes (proline, 4-hydroxyproline, glycine, trimethylamine N-oxide, 
glycerol and myo-inositol) that afford cryoprotection to phosphofructokinase, an effect enhanced by the 
addition of zinc, do not stabilize the enzyme during freeze-drying, even if zinc is present. The addition of 
ionic copper, cadmium, nickel, cobalt, calcium and manganese to trehalose-phosphofructokinase solutions 
prior to freeze-drying also increases the percentage of activity recovered after dissolution. Magnesium is 
ineffective in this respect. 
Introduction found that freeze-thawing of catalase resulted in 
at most a 60% inactivation of the enzyme, while 
after freeze-drying and rehydration, only 13% of 
the original activity remained. An even more ex- 
treme situation exists with L-asparaginase, which 


In the few instances in which the effects of 
freeze-drying on enzyme activity have been com- 
pared to those of freeze-thawing, it has been noted 


that the former treatment results in a greater 
degree of inactivation. For example, Hanafusa [1] 


Abbreviation. Tncine, N-[2-hydroxy-1,1-bis(hydroxymethy]l)- 


ethyljglycine 


Correspondence’ Dr. John F Carpenter, Department of Zo- 
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is fully active after freeze-thawing, but which can 
be inactivated by over 80% during freeze-drying 
[2,3]. This loss of activity can be fully blocked by 
the addition of organic solutes such as glucose, 
mannose, sorbitol or ribose [3]. Similarly, catalase 
is stabilized during freeze-drying in the presence 
of sucrose, inositol, glycine or glutamate [1]. Al- 
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though many of these compounds have been found 
to be effective cryoprotectants for enzymes [4—7], 
the only evidence that an organic solute could 
stabilize the same enzyme during both freeze- 
thawing and freeeze-drying is that noted for the 
effects of sucrose on catalase [1,4]. In order to 
determine whether protective agents are effective 
during both of these treatments, we initiated a 
study on the stabilization of phosphofructokinase 
(EC 2.7.1.11) during freeze-drying, using organic 
solutes that we have previously shown to be effec- 
tive at protecting this enzyme during freeze-thaw- 
ing [7]. Phosphofructokinase, purified from rabbit 
skeletal muscle, provides an excellent model sys- 
tem for these comparisons because it is fully and 
irreversibly inactivated during both of the per- 
turbations noted above. 

During our earlier study on cryoprotection of 
phosphofructokinase, we discovered that the pres- 
ence of divalent cations (e.g., less than 1 mM 
Zn**) greatly enhanced the stabilization afforded 
by a diverse group of organic solutes, including 
sugars, polyhydroxyl alcohols, and free amino 
acids [7]. This synergistic stabilization was not due 
to the summation of the individual effects of the 
cation and organic solute because in many 
instances essentially all of the prefreezing activity 
was recovered after thawing, even though each 
component was at a concentration at which, by 
itself, it was completely ineffective. We were also 
interested in determining whether a similar 
cation-dependent enhancement of phosphofruc- 
tokinase stabilization would be operative during 
freeze-drying. Therefore, in addition to our char- 
acterization of the stabilization of phosphofruc- 
tokinase by organic solutes during freeze-drying, 
in the present paper we present results of our 
studies on the influence of divalent cations on this 
process. 


Materials and Methods 


Materials. Glycerol-3-phosphate dehydrogenase 
(rabbit muscle) and triose-phosphate isomerase 
(rabbit muscle) were products of Boehringer 
Mannheim. Phosphofructokinase (type ID), al- 
dolase (type I), 4-hydroxyproline, trimethylamine 
N-oxide, glycine and galactose were purchased 
from Sigma Chemical Co. Trehalose and maltose 


were obtained from Pfanstiehl Laboratories. 
Glycerol and sucrose were purchased from Mal- 
linckrodt, and proline was supplied by Fluka AG. 

Purification and assay of phosphofructokinase. 
Rabbit skeletal muscle phosphofructokinase, ob- 
tained commercially as a crystalline suspension in 
ammonium sulfate, was purified following the 
procedure described by Carpenter et al. [7]. Puri- 
fied phosphofructokinase was concentrated by di- 
alysis (4°C) in 70% ammonium sulfate prepared 
in 0.1 M sodium phosphate buffer (pH 8.0, 5 mM 
dithiothreitol, 1 mM EDTA), and was stored as a 
crystalline suspension at 4°C. The enzyme was 
used within 12 weeks following purification. 

Phosphofructckinase activity was assayed at 
25°C using the fructose 1,6-bisphosphate-coupled 
assay described by Bock and Frieden [8]. The 2.0 
mi reaction mixture contained 42 mM Tris-acetate 
buffer (pH 8.0), 2 mM magnesium acetate, 2 mM 
ATP, 2 mM fructose 6-phosphate, 51 mM KCI, 
5.1 mM NH,Ci, 0.16 mM NADH, 400 pg al- 
dolase, 20 pg triose-phosphate isomerase and 50 
ug glycerol-3-phosphate dehydrogenase. Protein 
was assayed according to the method of Peterson 
[9]. . 
Freeze-dry experiments. Prior to each experi- 
ment, phosphofructokinase was dialyzed (4° C) for 
several hours against 1 mM sodium borate buffer 
(pH 7.8 at 23°C) containing 25 mM K,SO,, 2 
mM (NH,) SO, and 5 mM dithiothreitol. To 
avoid complications due to enzyme adsorption to 
glass, all phases of the freeze-dry experiments 
were performed in polypropylene Eppendorf test 
tubes. A 7 pl aliquot of the enzyme stock was 
added to 80.5 pl of the appropriate solution of 
organic solute and divalent cation (prepared in the 
above buffer) to give a final phosphofructokinase 
concentration of 40 ug/ml and the desired solute 
and cation concentration. Samples were kept on 
ice (approx. 1-2 h) from the time they were pre- 
pared until catalytic activity was measured. After 
these determinations, all samples in a given 
experiment were frozen simultaneously by immer- 
sion in liquid nitrogen for 90 s. The frozen sam- 
ples were then lyophilized for at least 20 h on a 
VirTis lyophilizer. 

Dried samples were rehydrated in 5 mM di- 
thiothreitol (pH 7.8 at 23°C), the volume was 
determined, and residual phosphofructokinase ac- 


CN 


tivity was assayed. The results are expressed as the 
percentage of prefreeze-dry activity recovered after 
dissolution, corrected for any differences between 
the volumes of rehydrated and pretreated samples. 


Results 


We initially characterized the influence of diva- 
lent cations on the stabilization afforded by 
organic solutes during freeze-drying by determin- 
ing the percentage of phosphofructokinase activity 
recovered after the enzyme was freeze-dried in the 
presence of 100 mM trehalose and variable con- 
centrations of ZnSO,. The effect noted is attri- 
buted to zinc because the buffer already contains 
27 mM sulfate. As seen in Fig. 1, with trehalose 
alone less than 13% of the original activity is 
recovered. The addition of ZnSO, to the trehalose 
solution results in a marked increase in enzyme 
stabilization such that with 0.4 mM and higher 
concentrations of ZnSO,, more than 80% of the 
initial activity is retained after rehydration. In 
contrast, phosphofructokinase is completely in- 
activated when freeze-dried in the presence of up 
to 0.6 mM ZnSO, and no organic solute, and less 
than 2% of the prefreeze-dry activity remains when 
1 mM ZnSO, is employed (Fig. 1). It should be 
noted that the acute sensitivity of phosphofruc- 
tokinase to freeze-drying is not simply reflective of 
the buffer system chosen for this study because no 
activity is detected after freeze-drying in 10 mM 
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Fig. 1 The effect of ZnSO, on phosphofructokinase stabiliza- 
tion during freeze-drying. Percent activity recovered in 100 
mM trehalose (4), maltose (0), sucrose (O), glucose (+), 
galactose (a), and with no organic solute present (@) 
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sodium phosphate (pH 8.0, 5 mM dithiothreitol), 
and less than 5% of the original activity is re- 
covered when 20 mM Tricine (pH 7.9, 5 mM 
dithiothreitol) or 100 mM sodium phosphate (pH 
8.0, 5 mM dithiothreitol) buffers are used (data 
not shown). 

The synergistic enhancement of enzyme stabili- 
zation by zinc is not limited to trehalose. For 
example, strikingly similar results are seen when 
ZnSO, is added to solutions of maltose or sucrose 
(Fig. 1). In the presence of either disaccharide 
alone (100 mM), less than 10% of the original 
activity remains after freeze-drying. With the ad- 
dition of 1 mM ZnSO,, greater than 75% is re- 
covered. In contrast, the two monosaccharides, 
galactose and glucose, at a concentration of 100 
mM provide no stabilization without the addition 
of ZnSQ,, and higher concentrations of zine are 
needed to achieve the same degree of enhanced 
enzyme preservation noted with the disaccharides, 
Finally, several other organic solutes (glycine, pro- 
line, 4-hydroxyproline, trimethylamine N-oxide, 
glycerol and myo-inositol), which afford a high 
degree of cryoprotection to phosphofructokinase 
in the presence of zinc [7], are essentially ineffec- 
tive at preserving the enzyme during freeze-drying 
with or without added zinc (Table J). 

In the next series of experiments, we de- 
termined the percentage of activity recovered as a 
function of sugar concentration both with and 
without ZnSO,. With the disaccharides alone, there 
is generally an increased stabilization of phos- 
phofructokinase as the sugar concentration is in- 
creased up to 500 mM (Fig. 2). The graphs for 


TABLE I- 


PHOSPHOFRUCTOKINASE STABILIZATION DURING 
FREEZE-DRYING IN THE PRESENCE OF ORGANIC 
SOLUTES AND 0.9 mM ZnSO, 


Organic solute 
(100 mM) 


Proline 
4-Hydroxyproline 
Glycine 

Trimethylamime N-oxide 
Glycerol 

myo-Inositol 


Percent activity 
recovered * 


beh A YY bt 


* When no ZnSO, was added, no activity was measurable 
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Fıg. 2. Comparison of percentage of phosphofructokinase ac- 
tivity recovered after freeze-drying and dissolution in the pres- 
ence of trehalose (A), maltose (B) and sucrose (C) alone (0) 
and with the addition of 09 mM ZnSO, (M) 


trehalose and maltose are essentially superimposa- 
ble, with greater than 70% of the prefreeze-dry 
activity remaining in 400 mM solutions (Fig. 2A, 
B). Similar results are seen for sucrose except that 
at most 60% is recovered and the stabilizing in- 
fluence of the sugar reaches a maximum at a 
concentration of 200 mM (Fig. 2C). The monosac- 
charides, in contrast, were essentially ineffective at 
preserving phosphofructokinase (Fig. 3). No activ- 
ity is recovered after freeze-drying in the presence 
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Fig. 3. Comparison of percentage of phosphofructokinase ac- 
tivity recovered after freeze-drying and dissolution in the pres- 
ence of glucose (A) and galactose (B) alone (©) and with the 
addition of 0.9 mM ZnSO, (W). 


of up to 300 mM glucose or galactose, and less 
than 5 and 10%, respectively, of the original activ- 
ity is obtained with 500 mM solutions of these 
sugars. 

When the above experiments are repeated with 
0.9 mM ZnSO, present, a greater percentage of 
the initial activity is recovered (Figs. 2 and 3). 
With the disaccharides, the maximum degree of 
stabilization is seen at sugar concentrations of 100 
mM or less (Fig. 2). At higher concentrations of 
trehalose and maltose, there is no further increase 
in activity recovered, and the values are similar to 
those obtained with the sugars alone (Fig. 2A, B). 
With sucrose, there is some enhancement of pro- 
tection at concentrations above 200 mM, but it is 
not nearly as marked as that noted at lower con- 
centrations (Fig. 2C). The most dramatic increase 
in stabilization in the presence of zinc is seen with 
the monosaccharides. At a 100 mM sugar con- 
centration, greater than 85% and 90% of activity is 
recovered with galactose and glucose, respectively, 


TABLE II 


INFLUENCE OF DIVALENT CATIONS ON STABILIZA- 
TION OF PHOSPHOFRUCTOKINASE DURING 
FREEZE-DRYING IN THE PRESENCE OF 100 mM 
TREHALOSE 


Salt added Percent activity 
(0.9 mM) recovered ° 
None 13 

ZnSO, 75 

CuSO, 68 

NiCl, ° 51 

CoC], ° 57 

MnSO, 21 

CaCl, 22 

MgSO, 16 

CdCl, ° 48 


* Precipitate formed when the salt was added to the borate 
buffer 

> In the absence: of trehalose no activity was measurable 
except in the case of CuSO, (1% activity recovered). 


even though the sugars alone afford no protection 
at this concentration (Fig. 3). As is seen with the 
disaccharides, there is a decreased degree of zinc- 
dependent enhancement at higher monosaccharide 
concentrations, which in this case results in a 
steep drop in recovered activity. 

Finally, to ascertain whether the enhancement 
of enzyme preservation during freeze-drying was 
unigue to zinc, the influence of other divalent 
cations on the stabilization afforded by 100 mM 
trehalose was tested. As shown in Table II, the 
addition of Cu2*, Ni?*, Co** and Cd?* results in 
a substantial increase in the recovery of prefreeze- 
dry activity, whereas addition of Mn** and Ca?+* 
results in only a minimal increase in recovery, and 
Mg?* has essentially no effect on enzyme stabili- 
zation. As is the case with Zn**, the above cations 
by themselves are ineffective at stabilizing phos- 
phofructokinase against inactivation during 
freeze-drying. 


Discussion 


Rabbit muscle phosphofructokinase is com- 
pletely inactivated after freeze-drying and dissolu- 
tion, a characateristic that makes this enzyme 
especially suited for use in testing stabilizing com- 
pounds. Of the organic solutes that we compared 
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in this role, disaccharides are the most effective at 
protecting phosphofructokinase against freeze-dry 
inactivation. Trehalose and maltose confer almost 
identical stability to phosphofructokinase and are 
somewhat better than sucrose in this respect. The 
similar effects of trehalose and maltose are not 
surprising because the only structural difference 
between these sugars is that the two a-D-glucose 
units are joined by a 1,1-glycosidic bond in treha- 
lose and a 1,4-glycosidic bond in maltose. How- 
ever, one might expect that a reducing sugar such 
as maltose would actually be detrimental to an 
enzyme’s catalytic stability due to the propensity 
of reducing sugars to participate in protein brown- 
ing via the Maillard reaction [10,11]. Since maltose 
is an effective stabilizer, it appears that in the 
short term experiments employed in the present 
study, protein browning does not contribute to 
alterations in phosphofructokinase catalytic activ- 
ity. 
This proposition is supported by the finding 
that at the highest concentrations tested, galactose 
and glucose, both of which are reducing sugars, do 
confer a slight degree of stabilization to phos- 
phofructokinase. However, the protection af- 
forded by glucose is much less than that noted for 
maltose and trehalose, even if the data are consid- 
ered on the basis of equimolar amounts of glu- 
cose. These results indicate, as was the case with 
cryoprotection [7], that it is not just the type of 
sugar moiety present that is important for enzyme 
stabilization during freeze-drying, but that subunit 
orientation is also critical. 

It is interesting that sugars, which are effective 
at stabilizing enzymes during freeze-thawing [7] or 
freeze-drying, are also known to stabilize the na- 
tive structure of globular proteins in aqueous solu- 
tion. For example, in the presence of 50% (w/w) 
sucrose or maltose the temperature of maximum 
rate of denaturation for ovalbumin is increased 
from 77°C to over 87°C [12]. Timasheff and 
colleagues [13-15] have determined that such sta- 
bilization is due to the preferential exclusion of 
the structure-stabilizing compounds from contact 
with the protein surface. That is, the protein ‘is 
preferentially hydrated. Thus, as these authors 
explain, the addition of these compounds to an 
aqueous protein solution is thermodynamically 
unfavorable since it would serve to increase the 
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chemical potentials of both protein and the 
additive. Protein structure is stabilized because 
denaturation of the protein molecule would lead 
to a greater contact surface between protein and 
solvent, and, therefore, augment this unfavorable 
effect. 

Of course, it is not known whether the stabili- 
zation imparted by sugars in solution is translated 
by the same mechanism into stability during 
freeze-drying. If this were the case, then one would 
expect that glycerol would protect phosphofruc- 
tokinase, since this compound has been shown to 
impart structural stability to proteins in solution 
by the same mechanism described above for sugars 
[16,17]. Also, 1t seems unlikely that the thermody- 
namic arguments presented above would be appli- 
cable to lyophilized proteins since water is re- 
moved from the system and ‘concentrations’ of 
nonvolatile solutes increase, essentially, to infinity. 

Under these conditions, initial molarities would 
appear to have no meaning. However, the pre- 
freeze-dry concentration of sugar seems to be.im- 
portant in terms of the degree of stabilization 
imparted to dried phosphofructokinase since there 
iS an increase in the amount of activity recovered 
when the enzyme is prepared in increasing con- 
centrations of sugar. These results could imply 
that the final mole or mass ratio of sugar to 
protein in the dried sample is the limiting factor 
determining the degree of stabilization; we have 
found this to be the case for preservation of dried 
biological membranes and artificial lipid bilayers 
by sugars [18-20]. However, when the amount of 
protein in a sample is decreased to 25 ng/ml and 
the sugar concentration is held constant (a situa- 
tion which increases the ratio of sugar to protein), 
less enzyme activity is recovered than when the 
enzyme is present at 40 pg/ml. For example, after 
freeze-drying in 200 mM trehalose 34 and 64% 
activity is recovered, respectively, with 25 and 40 
ug/ml phosphofructokinase (unpublished ob- 
servations). 

The finding that other organic solutes (e.g., 
trimethylamine N-oxide) that stabilize active pro- 
tein conformations in solution [21], as well as 
protect phosphofructokinase during freeze-thaw- 
ing [7], also are ineffective at preserving phos- 
phofructokinase activity during freeze-drying sup- 
ports the contention that removal of water from a 


protein preparation can be more disruptive to 
enzyme function than freeze-thawing or thermally 
induced perturbations [1,2]. Further support for 
this position comes from our results on the in- 
fluence of transition metals on phosphofruc- 
tokinase preservation. We have previously shown 
that certain organic solutes (e.g., glycerol, inositol 
and glycine), which offer minimal cryoprotection 
even at concentrations as high as 0.5 M, when 
combined with Zn’* almost fully preserve phos- 
phofructokinase during freeze-thawing [7]. Al- 
though similar results were noted during our 
freeze-drying experiments with glucose and galac- 
tose (Fig. 3), even with the addition of Zn’*, 
glycerol, inositol and glycine afforded virtually no 
protection to lyophilized phosphofructokinase. 

As was the case with freeze-thawing, the in- 
creased preservation noted with zinc ion during 
freeze-drying is clearly not due to the summation 
of the individual effects of the sugars and zinc; 
zinc alone (0.9 mM) affords no protection to 
phosphofructokinase during freeze-drying, but 
when this cation is added to a sugar solution, at a 
concentration that is also ineffective at preserving 
phosphofructokinase, a great degree of stbilization 
is seen (Figs. 2 and 3). It might be suggested that 
this influence of zinc is specific to kinases because 
of the role that divalent cations play in catalysis 
by this category of enzymes. This appears not to 
be the case because Mg?*, which is a cofactor and 
a potent activator of phosphofructokinase [22], 
does not provide any enhancement of stabilization 
of phosphofructokinase during freeze-drying (Ta- 
ble II). 

However, several other cations tested are effec- 
tive at increasing the phosphofructokinase activity 
recovered when the enzyme is frozen and dried in 
the presence of trehalose. These results can only 
be used to discern whether or not a given cation 
enhances stabilization. It is not possible to rank 
the cations according to their relative effectiveness 
because of their different solubilities in borate 
buffer (Table IJ). Even solutions of zinc and 
copper, in which no precipitate is visible, contain 
very low concentrations of free cation at pH 7.8. 
The maximum solubility of Zn** at pH 7.8 is less 
than 40 uM, and Cu?* is almost four orders of 
magnitude less soluble [23]. It is presently not 
known which ionic species is responsible for the 


enhancement of the stabilization provided by 
sugars. Speculatively, it would seem that the free 
divalent ion is not critical because increased pro- 
tection is seen as the ZnSO, concentration is in- 
creased up to 1 mM, a concentration that far 
exceeds the solubility of Zn’t. 

However, testing this suggestion is dependent 
on determining the mechanism by which cations 
alter the capacity of sugars to stabilize proteins 
during freeze-drying. Another perplexing question 
raised by the phenomenological results of the pre- 
sent study is: why are so many organic solutes, 
either alone or in concert with zinc, that afford 
cryoprotection to phosphofructokinase [7] virtu- 
ally ineffective at preserving the enzyme during 
freeze-drying? Mechanistic studies are currently 
under way in our laboratory to address these sorts 
of question in an attempt to determine the manner 
in which cations influence the stabilization of en- 
zymes under dehydration and freezing stresses and 
also to further understand the means by which 
organic solutes in general are effective as protein 
stabilizers during these treatments. 

In closing, we point out that previous studies 
from this laboratory on preservation of freeze- 
dried membranes [18] and of phosholipid bilayers 
[19,20] by sugars, particularly trehalose, were con- 
ducted in the absence of Zn’+t. Thus, unlike the 
case for proteins, preservation of membranes does 
not require Zn’*. Further, preservation of phos- 
pholipid bilayers has considerably greater specific- 
ity for the sugars tested [19,20] than that seen with 
proteins, which suggests that the mechanisms by 
which proteins and membranes are preserved by 
sugars is dissimilar. 
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Cellular retinoic acid-binding protein (CRABP) has been purified to homogeneity from human placenta by a 
series of procedures, including acetone powder extraction, gel filtration on Sephadex G-50, and ion-ex- 
change chromatography on DEAE-cellulose and on SP-Sephadex. Cellular retinol-binding protein (CRBP) 
was isolated concurrently. CRABP was purified 75 400-fold, based on total soluble acetone powder extract of 
placenta. The protein is a single polypeptide chain with a molecular mass of 14600 Da, estimated by sodium 
dodecyl sulfate (SDS) gel electrophoresis or gel filtration, and has an isoelectric point of 4.78 (apo-CRABP, 
4.82). On analysis of absorption and fluorescence spectra, the protein was seen to exhibit an absorption peak 
at 350 nm, fluorescence excitation maxima at 350 and 370 nm, and a fluorescence emission maximum at 475 
nm. Human CRABP was immunologically distinct from human CRBP and serum retinol-binding protein. 


Introduction 


Retinoic acid is a naturally occurring metabo- 
lite of vitamin A (retinol) that can maintain the 
growth and regulate the differentiation of normal 
and transformed cells [1,2]. It is well documented 
that specific binding proteins for retinol and/or 
for retinoic acid exist in the intracellular compart- 
ment in a number of tissues. One is cellular reti- 


Abbreviations: CRABP, cellular retinoic acid-binding protein; 
CRBP, cellular retinol-binding protein, RBP, serum retinol- 
binding protein; SDS, sodium dodecyl sulfate. 
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with high affinity and specificity; the other is 
cellular retinoic acid-binding protein (CRABP) 
which binds retinoic acid and its analogs. These 
binding proteins have been purified from several 
animal tissues [3—8] and recently CRBP has been 
also purified from human liver [9,10]. However, no 
information is available about human CRABP. 

Of interest is the finding that CRABP occurs or 
increases 1ts concentration in several neoplastic 
tumors and is not detected in histologically nor- 
mal tissue adjacent to the tumor [11], in contrast 
to a decrease of CRBP in such neoplasms. In 
addition, cellular retinoid-binding proteins are 
considered to play an important role in the func- 
tion and metabolism of retinoids. Recently, much 
attention has been paid to chemoprevention of 
cancer with acidic retinoids [12-15]. 
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We now report the purification and partial 
characterization of CRABP from human placenta, 
so as to extend our understanding of human 
CRABP. This report will provide fundamental 
information for the future studies that may reveal 
the mode of action of human CRABP. 


Materials and Methods 


Materials 

Sephadex G-50, SP-Sephadex (C-50) and pro- 
tein standards for isoelectric point analysis were 
purchased from Pharmacia Fine Chemicals (Up- 
psala, Sweden). DEAE-cellulose (DE-52) was ob- 
tained from Whatman, Inc. (Clifton, U.S.A.). All- 
trans retinol, monothioglycerol and thimerosal 
were purchased from Sigma Chemcial Co. (St. 
Louis, U.S.A.). The Bolton-Hunter reagent and 
all-trans [15-!*C]retinoic acid (28 uCi/ mg) were 
obtained from Amersham Co. (Buckinghamshire, 
U.K.). Protein standards for molecular weight 
analysis were purchased from BDH Chemicals 
Ltd. (London, U.K.). Gabexate mesilate (FOY*) 
was supplied by Ono Pharmaceutical Co., Ltd. 
(Osaka, Japan). The human placenta samples from 
mothers with normal parturition were kindly sup- 
pled by Dr. K. Tomita, Department of Gynecol- 
ogy and Obstetrics, Shinshu University Hospital, 
and were stored at — 80°C until used. 


Preparation of placenta extract and fractionation 
steps in purification 

The procedure described by Kato et al. [16] was 
employed with some modifications. Human 
placenta samples (total 2000 g) were lyophilized to 
dryness, and were homogenized with 4 liters of 
ice-cold acetone, using a Yamato LK-21 ultradis- 
perser. The dried powder was homogenized with 4 
liters of buffer A (50 mM Tris-HCl buffer (pH 
8.4) containing 4 mM EDTA and 0.004% NaN,) 
containing 12 mM monothioglycerol. The homo- 
genate was centrifuged at 20000 X g for 60 min to 
remove cell debris. The resulting supernatant was 
filtered through glass fiber filters paper (pore size; 
10 pm). To this soluble acetone powder extract 
was added all-trans retinol and all-trans [15- 
4Clretinoic acid (8.5 pCi/pmol) to give a final 
concentration of 15 uM each, and incubated at 
4°C for 16 h. 
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Fractionation procedures were carried out at 
4°C. The fractions from each chromatography 
were assayed for protein-bound retinol by measur- 
ing fluorescence with excitation at 350 nm and 
emission at 475 nm and for protein-bound 
[}4C]retinoic acid by determination of radioactiv- 
ity to identify the elution portions containing the 
binding proteins. Except in the final purification 
procedure, CRBP and CRABP eluted together 
and were not separated from each other during 
fractionation procedures. 

The placenta extract was submitted to gel chro- 
matography on a Sephadex G-50 (medium) col- 
umn (10 x 125 cm) in buffer A containing 25 mM 
NaCl. Fractions of 18 ml each were collected at a 
flow rate of 240 ml/h. Eight column runs were 
repeated to process the whole preparation. Frac- 
tions containing both CRBP and CRABP were 
combined and concentrated by ultrafiltration using 
a YM 5 membrane in an Amicon cell. The solu- 
tion was then reapplied to the same column and 
eluted exactly as described above. 

The sample from the second gel filtration was 
dialyzed against buffer B (15 mM imidazole- 
acetate buffer (pH 6.4) containing 0.004% NaN,), 
and was applied to a column (3.2 x 40 cm) of 
DEAE-cellulose equilibrated with buffer B. The 
column was eluted with a linear gradient of im- 
idazole-acetate buffer from 15 to 200 mM at pH 
6.4 (total volume, 1600 ml). Fractions of 15 ml 
each were collected at a flow rate of 40 ml/h. 

Pooled and concentrated fractions containing 
both CRBP and CRABP were then dialyzed 
against buffer A, and applied to a column (1.5 x 15 
cm) of DEAE-cellulose equilibrated with buffer A, 
and eluted with a linear gradient of NaCl from 0 
to 150 mM in the same buffer (total volume, 200 
ml). Fractions of 3 ml each were collected at a 
flow rate of 10 ml/h. 

The resulting sample from above preparation 
was then submitted to gel chromatography on a 
small column (2 X 95 cm) of Sephadex G-50 (su- 
perfine) equilibrated and eluted with buffer A 
containing 25 mM NaCl. Fractions containing the 
binding proteins (each 3 ml at a flow rate of 6 
ml/h) were concentrated and dialyzed against 
buffer C (10 mM sodium acetate buffer (pH 4.9)). 

The final step of column chromatography was 
ion-exchange chromatography on a column (1.5 x 
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30 cm) of SP-Sephadex. The dialyzed material was 
applied to the column previously equilibrated with 
buffer C, and eluted with a linear gradient of 
sodium acetate from 10 to 130 mM at pH 4.9 
(total volume, 200 ml). The two peaks, repre- 
senting CRBP and CRABP, were pooled sep- 
arately, dialyzed against distilled water and 
lyophilized. The materials were used for later 
analyses. 

Contamination of serum retinol-binding pro- 
tein (RBP) or of albumin in the sample through 
the purification procedure was tested immunologi- 
cally by means of the Ouchterlony double-im- 
munodiffusion technique using agar plate. Rabbit 
antisera against RBP and albumin were freshly 
prepared in this laboratory [17]. 


Gel electrophoresis 

Polyacrylamide gel electrophoresis in 0.1% 
sodium dodecyl sulfate (SDS) was performed 
according to the method of Weber and Osborn 
[18], using a 13% separating gel and 5.5% stacking 
gel at pH 8.8. The molecular weights of CRBP and 
CRABP were calculated based on a comparison of 
their migration rate through the gel with those of 
protein standards: ovotransferrin (M, 76000- 
77 000), bovine serum albumin (M, 66 200), 
ovalbumin (M, 45000), bovine chymotrypsinogen 
A (M, 25700), horse myoglobin (M, 17200) and 
horse cytochrome c (M, 12300). 

Polyacrylamide gel electrophoresis without SDS 
was also run according to the method of Davis 
[19], using a 10% separating gel and 5.5% stacking 
gel at pH 8.8. 

Analytical isoelectric focusing electrophoresis 
was performed on an LKB Ampholine® poly- 
acrylamide gel electrophoresis plate, pH 3.5-9.5, 
LKB Sweden AB, Isoelectric point of the proteins 
was calculated based on a comparison of their 
migration rates with those of protein standards: 
human carbonic anhydrase B (p/ 6.55), bovine 
carbonic anhydrase B (pI 5.85), B-lactoglobulin A 
(pI 5.20), soybean trypsin inhibitor (pZ 4.55) and 
glucose oxidase (p7 4.15). 

Gels were stained according to the method of 
Reisner et al. [20]. 


Radioimmunoassay system 
An effective radioimmunoassay for human liver 


CRBP has been developed in our laboratory 
(Okuno, M. et al., unpublished data). 

The anti-human CRBP antibodies were raised 
in three turkeys (approximately 8 kg body weight) 
by subcutaneous injections of 0.8 mg of purified 
CRBP with complete Freund’s adjuvant, followed 
by booster injections of 0.3 mg and 0.2 mg of 
CRBP 1 week and 4 weeks after initial immuniza- 
tion, respectively. Purified monospecific antibody 
against CRBP was obtained by immunosorbent 
affinity chromatography on a CRBP-coupled 
Sepharose column. Antibody for immunoprecipi- 
tation of turkey IgG in the radioimmunoassay was 
prepared in a goat. 

For labeling of CRBP with '°I; CRBP was 
acylated with 'I-labeled Bolton-Hunter reagent 
(4000 Ci/mmol) according to the original method 
[21]. The labeled CRBP was separated from non- 
protein-bound 1I by Sephadex G-50 column 
chromatography. The specific radioactivity of the 
acylated CRBP preparation was 35 mCi/mg 
CRBP. 

The buffer solution for the radioimmunoassay 
(RIA buffer) consists of 50 mM imidazole buffer 
(pH 7.4), 0.79% NaCl, 0.03% bovine serum al- 
bumin, 0.1% thimerosal, 0.01% gabexate mesilate 
and 1% Triton X-100. The concentrations of pure 
CRBP in the standard solutions were estimated by 
absorbance using an A1% of 14 [4]. The following 
steps were carried out at 4°C. Reagents were 
diluted in RIA buffer, and added to a polystyrene 
tube in the following sequence: (1) 100 pl of 
sample to be assayed or standard solution of liver 
CRBP; (2) 100 yl of diluted anti-CRBP IgG solu- 
tion (containing 5 pg of purified specific IgG); (3) 
250 ul of RIA buffer, incubated for 24 h; (4) 100 
wl of 1°1-CRBP (approximately 20000 cpm), in- 
cubated for 72 h; (5) 100 ul of goat anti-turkey 
IgG antibody (containing 50 pg of IgG), in- 
cubated overnight. Samples were then centrifuged 
at 2000 X g for 30 min, and the supernatants were 
removed by aspiration. The radioactivity of the 
precipitates were measured in a Packard auto- 
Gamma 5650 counter. 


HPLC system 

CRABP and CRBP were estimated by a gel 
filtration binding assay as described previously 
[22], with some modifications. The HPLC system 
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described here was based on the procedure of 
Allegretto et al. [23]. 

Aliquots from each purification step were 
analyzed by an HPLC system consisting of a TSK 
G 3000SW column (Toyo Soda Kogyo Co., Tokyo, 
Japan), a CCPM pump (Toyo Soda Kogyo Co.), a 
Toyo Soda UV-8000 HPLC detector (Toyo Soda 
Kogyo Co.) set at 280 nm and a Chromatocorder 
11 integrator (System Instruments Co., Tokyo, 
Japan). Elution was performed with 200 mM 
phosphate buffer (pH 7.2) at a flow rate of 1 
ml/min. Sixty fractions were collected for a total 
period of 30 min, and radioactivity in each frac- 
tions was measured with a Beckman LS-7500 liquid 
scintillation counter. 

The molecular weights of the binding proteins 
were also estimated by gel filtration on the same 
HPLC column which was calibrated using the 
protein standards described above. 


Other procedures 

Absorbance measurements and absorption 
spectra were determined with a Hitachi 124 spec- 
trophotometer. Fluorescence measurements and 
spectra were determined with a Hitachi 204 fluo- 
rescence spectrophotometer. The radioactivity of 
[}4C]retinoic acid was determined by a Beckman 
LS-7500 liquid scintillation counter. 

Protein concentration was determined accord- 
ing to the method of Lowry et al. [24], using 
bovine serum albumin as a calibration standard. 


Results 


Purification of CRABP 

CRBP and CRABP were purified by proce- 
dures similar to the method described by Kato et 
al. [16], with some modifications. Table I presents 
a sequence of six steps including: (1) gel chro- 
matography on Sephadex G-50 (medium); (2) 
rechromatography on Sephadex G-50 (medium); 
(3) ion-exchange chromatography on DEAE-cel- 
lulose, pH 6.4; (4) ion-exchange chromatography 
on DEAE-cellulose, pH 8.4; (5) gel chromatogra- 
phy on Sephadex G-50 (superfine); and (6) ion-ex- 
change chromatography on SP-Sephadex, pH 4.9. 
The overall purificiation procedure resulted in 
yields of 320 pg of CRABP and 2.7 mg of CRBP 
from 2.0 kg of human placenta. 
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As the first step, a soluble acetone powder 
extract was prepared and all-trans retinol and 
all-trans [15-'*C]retinoic acid were added to 
saturate the binding proteins. This solution was 
chromatographed on Sephadex G-50. Monitoring 
the fluorescence of protein-bound retinol and the 
radioactivity of protein-bound ['C]retinoic acid, 
a prominent peak centered at 5094 ml (fraction 
283) was observed (total bed volume, 9800 ml). 
Fractions containing this peak were combined and 
reapplied to the same Sephadex G-50 column 
(Fig. 1). The sample containing the binding pro- 
teins was applied to a DEAE-cellulose column at 
pH 6.4. On this column, three prominent peaks of 
fluorescence and/or 14C radioactivity were 
observed (Fig. 2). The first peak was centered at 
1005 ml (fraction 168), the second peak was at 
1185 ml (fraction 186), and the third peak was at 
1335 ml (fraction 201). When the fluorescence 
spectrum was examined, the excitation spectrum 
of the first peak had a peak at 350 nm, and the 
spectrum of the second peak had a peak at 330 
nm. Moreover, the aliquots of the second and the 
third peak gave a single precipitated line on 
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Fig. 1. Second chromatography on Sephadex G-50 of the 
combined binding protein — containing fractions obtained by 
eight runs of the first chromatography on Sephadex G-50. 
Fractions 250-320 containing both CRABP and CRBP were 
pooled Absorbance was monitored at 280 nm (O). CRABP 
was monitored by radioactivity of protein-bound ['4Cy]retinoic 
acid (*C-RA; a). CRBP was monitored by fluorescence of 
protein-bound retinol (A; excitation at 350 nm and emission at 
475 nm). 
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TABLE I 


STEPS IN THE PURIFICATION OF CRABP FROM HUMAN PLACENTA 


CRBP Purification Recovery 
(mg) (-fold) (%) 

CRABP CRBP CRABP CRBP 
$72" 
712" 26 25 86 82 
673° 123 143 66 77 
501° 740 940 45 57 
4.04 ° 1550 3740 19 46 
359° 3120 7530 17 ål 
370° 75400 20700 13 31 


Procedure Protein CRABP 
(mg) * (mg) 
Soluble acetone powder extract 181000 2.40 * 
Sephadex G-50, (1) 6000 2.06 © 
Sephadex G-50, (IT) 975 159° 
DEAE-cellulose, pH 6.4 111 1.09 ° 
DEAE-cellulose, pH 8 4 22.4 046° 
Sephadex G-50 (II) 99 041° 
SP-Sephadex, pH 4.9 032(CRABP) 032° 
2.7 (CRBP) 


* Estimated according to the method of Lowry et al [24]. 
> Estimated by a gel filtration binding assay (see text). 


© Assumed since no protein other than CRABP or CRBP was demonstrable 


Ouchterlony double-immunodiffusion using rabbit 
antibody against human RBP, while the aliquot of 
the first peak gave no line. The tests using rabbit 
anti-human albumin gave a negative response 
against all fractions from the three peaks. From 
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Fig 2. Chromatography on DEAE-cellulose of the sample 
from the second chromatography on Sephadex G-50 (Fig 1) 
The column was eluted with a linear gradient of imidazole- 
acetate buffer from 15 to 200 mM, pH 6.4 (total volume, 1600 
ml). Three prominent peaks of fluorescence and/or radioactiv- 
ity were observed on this column. Following analyses of fluo- 
rescence spectra and immunological reactivities, the first peak 
(fraction 157-179), containing CRABP and CRBP, was pooled 
The second (fraction 180-192) and the third (fraction 193-210) 
peaks were attributed to the retinoids bound to RBP (see 
Results). Absorbance was monitored at 280 nm (O). CRABP 
was monitored by radioactivity (‘4C-RA; a) and CRBP was 
monitored by fluorescence (4). 


these results, fractions comprising the first peak 
were assumed to contain CRBP and CRABP, and 
to be free from contamination by RBP or al- 
bumin. The fractions were combined and sub- 
mitted to a DEAE-cellulose column at pH 8.4. On 
this column, CRBP annd CRABP eluted in a 
single peak of fluorescence and “C radioactivity, 
centered at 40 ml of a 200-ml gradient (data not 
shown). Fractions containing this peak were com- 
bined and applied to a smaller Sephadex G-50 
(superfine) column. All three peaks of fluores- 
cence, radioactivity and absorbance at 350 nm 
shared the same elution volume centered at 134 ml 
(total bed volume, 298 ml, data not shown). Ab- 
sorbance at 350 nm of this peak was somewhat 
higher than that at 280 nm. The final step of 
chromatography was the ion-exchange chromatog- 
raphy on SP-Sephadex at pH 4.9 (Fig. 3). When a 
linear gradient of sodium acetate buffer was ap- 
plied, two peaks of absorbance at 350 nm were 
observed in an elution volume centered at 69 ml 
(fraction 23) and at 120 ml (fraction 40) of a 
200-ml gradient. The first peak corresponded to 
the peak of fluorescence of protein-bound retinol, 
and the second one was the peak of radioactivity 
of bound ['*C]retinoic acid, indicating the com- 
plete separation of CRABP from CRBP. 

The purity of the binding proteins was assessed 
by gel electrophoresis in three systems. In a disc 
gel electrophoresis system, CRABP was detected 
as a single protein band which had a distinctly 
different mobility than CRBP (Fig. 4A). By il- 
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Fig. 3. Final chromatography on SP-Sephadex resulting in pure 
CRABP and CRBP. The column was eluted with a linear 
gradient of a sodium acetate buffer from 10 to 130 mM, pH 4.9 
(total volume, 200 ml). Fractions 20-25 were pooled and 
contained pure CRBP; fractions 38-42 were pooled to yield 
pure CRABP. Absorbance was monitored at 280 nm (O) and 
350 nm (@). CRABP was monitored by radioactivity ('*C-RA; 
á) and CRBP was monitored by fluorescence (A). 


luminating the gel with long-wave ultraviolet light 
in the dark, a single yellow-green band was 
observed, which corresponded exactly to the single 
protein-staining band of CRBP. When the sam- 
ples were also examined by SDS-polyacrylamide 
electrophoresis (Fig. 4B(2)), a single protein band 
was Observed, demonstrating that both binding 
proteins were single polypeptide chains. CRABP 
gave a single band on the isoelectric focusing 
electrophoresis when the protein was saturated 
with retinoic acid (see below). 


Molecular weight determination 

The molecular weights of human CRABP and 
CRBP were estimated by two methods. By SDS- 
polyacrylamide gel electrophoresis by the method 
of Laemmli [25], the molecular weight of CRABP 
was calculated to be 14600, and that of CRBP 
was 14900, based on their migration through the 
gel (Fig. 4B(2)). 

Samples were also submitted to gel filtration on 
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Fig. 4. Electrophoretic analyses of purified CRABP by differ 
ent systems. Anode to the bottom. 10 ug of purified protein 
were analysed in each gel, (A) Polyacrylamide gel electrophore 
sis of CRBP (gels 1 and 2) and CRABP (gels 2 and 3) showing 
clear separation from each other, (B) SDS-polyacrylamide gel 
electrophoresis of molecular weight markers (gel 1) and CRABP 
(gel 2) suggesting size homogeneity (approximately 14.6 kDa) 
(C) Analytical isoelectric focusing in the pH interval of 3.5 to 
9.5 performed on p/ markers (gel 1) and on CRABP (gels 2 
and 3) in the presence (gel 2) or absence (gel 3) of excess 
retinoic acid (see Materials and Methods). Note the disap- 
pearance of faint band (arrow in gel 3) by a preincubation of 
sample with excess retinoic acid (gel 2). 


a calibrated TSK G 3000 SW column. The elution 
positions were monitored by absorbance and those 
of both binding proteins were equivalent to the 
same molecular weight of 14500. 


Isoelectric point 

The isoelectric point of human CRABP and 
CRBP were estimated by analytical isoelectric 
focusing electrophoresis in a pH range of 3.5-9.5. 
CRABP showed two bands with isoelectric pH 
values of 4.78 and 4.82 (Fig. 4C(3)). When prein- 
cubated with excess retinoic acid, a single band 
was observed with an isoelectric pH value of 4.78 
(Fig. 4C(2)). CRBP showed one fluorescent and 
protein-staining band with an isoelectric pH value 
of 4.90 (data not shown). 


Absorption spectra 
The absorption spectra of purified CRABP and 
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Fig. 5. Absorption spectra of CRABP bound with retinoic acid 
(left) and CRBP bound with retinol (right), at a protein con- 
centration of 1077 M in 20 mM Tris-HCl buffer (pH £.4). 


CRBP, shown in Fig. 5, clearly indicate the pres- 
ence of the respective bound ligands with the 
absorption characterisitcs of retinoic acid (left) 
and retinol (right). CRABP displayed two absorp- 
tion peaks, with maxima at 283 nm and 350 am, 
respectively (Fig. 5, left). The first peak rep- 
resented protein absorbance and the second peak 
was due to protein-bound retinoic acid. The ratio 
Of Agsq tO Asọ was 1.62. The first peak had a 
shoulder at 292 nm and the second peak showed 
shoulders at 334 and 367 nm. CRBP also dis- 
played two absorption peaks, with maxima at 283 
nm and 350 nm, which resembled CRABP (Fig. 5, 
right). 


Fluorescence spectra 

The fluorescence excitation and emission spec- 
tra of retinoic acid bound to CRABP and retinol 
bound to CRBP are shown in Fig. 6. The excita- 
tion spectrum of CRABP showed major peak at 
350 mm, a second peak at 370 nm and a small 
peak at 290 nm. The emission spectrum of CRABP 
showed a single peak at 475 nm (Fig. 6A). Both 
the excitation and emission spectra of CRBP were 
very similar to those of CRABP (Fig. 6B). 


Immunological properties 

Fig. 7 shows the displacement of !*>1-CRBP 
from anti-liver CRBP antibodies by increasing 
amounts of pure unlabeled liver CRBP. This fig- 
ure also shows the displacement curves for puri- 
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Fig. 6. Uncorrected fluorescence spectra of retinoic acid bound 
to CRABP (A) and retinol bound to CRBP (B), 5-107° M in 
20 mM Tris-HCI buffer (pH 8.4). The excitation spectra of 
CRABP (A, left) and CRBP (B, left} were determined measur- 
ing emission at 475 nm; the emission spectra of CRABP (A, 
right) and CRBP (B, nght) were determined with excitation at 
350 nm. 


fied placenta CRBP, placenta CRABP, and serum 
RBP. Unlabeled placenta CRBP yielded a dis- 
placement curve that was identical with the curve 
for liver CRBP. However, neither placenta CRABP 
nor serum RBP displaced '?I-CRBP from the 
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Fig. 7. Immunological cross-reactivity between human liver 
CRBP and placenta CRBP, and a lack of cross-reactivity of 
CRBP with either human placenta CRABP or human serum 
RBP. Procedures and conditions for the radioimmunoassay are 
as described under Materials and Methods. Unlabeled placenta 
CRBP, as much as liver CRBP, displaced antibody-bound 
‘251 Jabelled liver CRBP. Absolutely no displacement was ob- 
served when placenta CRABP and serum RBP were included 
in the assay. 


antibodies, in the range of protein concentrations 
added. Thus, two CRBP samples from placenta 
and liver appeared to be identical on the basis of 
immunoreactive behavior, whereas no cross-reac- 
tivity was observed between CRBP and CRABP. 


Discussion 


Recently, CRBP has been purified from human 
liver [9,10], and a radioimmunoassay system for 
human CRBP has been developed and the levels 
of CRBP in various human tissues have been 
given [26]. In our laboratory, we have also purified 
human CRBP and developed a radioimmunoassay 
system for human CRBP. However, no informa- 
tion is available about human CRABP. It has 
been reported that CRABP occurs in several 
tumors, but notin adjacent normal tissue [11]. 
Hence, much more interest has been focused on 
CRABP than CRBP in neoplastic tumors. 

The present purification procedure resulted in 
high purity judging from the results of electro- 
phoresis in several systems (Fig. 4). 

As the first step, an acetone powder was pre- 
pared to remove most of lipids from placenta 
tissue, because Sklan et al. [27] reported that most 
of CRBP in rat liver homogenate (without pre- 
paration of an acetone powder) was eluted in the 
void volume on Sepharose 4B column chromatog- 
raphy, demonstrating that CRBP formed a high- 
molecular-weight, lipid-protein aggregate, whereas 
we had found that most of CRBP in the homo- 
genate with preparation of an acetone powder 
existed in the free form by chromatography on 
Sephadex G-75 (data not shown). It seems likely 
that preparation of an acetone powder contributes 
to a higher yield of the binding proteins. 

On the ion-exchange chromatography on 
DEAE-cellulose at pH 6.4, the third step of the 
fractionation procedure, three prominent peaks of 
fluorescence and/or radioactivity were observed 
(see Results). On analysis of fluorescence spectra 
. and immunological reactivities, the second and 
third peaks of fluorescence and/or radioactivity 
were clearly attributed to the retinoids bound to 
RBP. RBP circulates in plasma as a protein-pro- 
tein complex with transthyretin, and very little 
RBP is normally present in the free state [28]. The 
RBP-transthyretin complex is not altered by an 
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acetone powder extraction (Kato, M. et al., un- 
published data) and has been completely excluded 
from the free RBP pool by gel filtration of the 
present purification procedure. This indicates that 
a significant amount of RBP is not complexed to 
transthyretin in the human placenta. In a recent 
study in human, Sklan et al. reported that a sig- 
nificant amount of free RBP is present in the 
maternal and fetal circulation [29]. Their results 
may be relevant to our observation and suggest 
that free RBP originates in the maternal and fetal 
blood within the placenta samples, that were not 
perfused in this study. Since the molecular weight 
of RBP (M, 21000) is similar to that of CRBP 
and CRABP, these retinoid-binding proteins were 
not completely separated from each other on a 
Sephadex G-50 chromatography. RBP binds with 
not only retinol but also retinoic acid when excess 
retinoic acid is added in vitro, and a conforma- 
tional change of RBP occurs [30]. 

The molecular weight of CRABP is similar to 
that determined for rat CRABP [3,5], and that of 
CRBP is similar to that previously reported for 
human CRBP [9,10]. Very recently, Sundelin et al. 
reported the primary structures of bovine CRABP 
[31] and rat liver CRBP [32]. The molecular weights 
calculated from the sequences were 15 460 
(CRABP) and 157700 (CRBP). Molecular weight 
values described here were estimated by SDS- 
polyacrylamide gel electrophoresis and by gel 
filtration, and may be underestimates of the true 
molecular weights. 

On analytical isoelectric focusing, CRABP 
showed one major protein-staining band at pH 
4.78 when preincubated with excess retinoic acid, 
and when not preincubated with retinoic acid, one 
major band at pH 4.78 and a faint band at pH 
4.82 were observed (Fig. 4(3)). This result indi- 
cates that the faint band is apo-CRABP, and that 


“the binding of retinoic acid to the binding protein 


may alter the charge of CRABP. A similar change 


of charge occurs on human CRBP as described by 


Fex and Johennesson [10]. This isoelectric point of 
holo-CRABP is similar to the value of rat CRABP 
[5]. CRBP showed one fluorescent and protein- 
Staining band at pH 4.90. This value is similar to 
the result of rat CRBP purified by Ross et al. [5], 
but somewhat higher than the result of human 
CRBP purified by Fex and Johannesson [10]. 
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Absorption and fluorescence spectra were iden- 
tical with those of CRABP purified from animal 
tissues [3,5,6]; however, the ratio Of A455 to Argo 
was somewhat lower than the ratio reported by 
Ong and Chytil [3]. This discrepancy can be ex- 
plained by the presence of apo-CRABP, which has 
been detected on isoelectric focusing electrophore- 
SiS. 

CRBP purified from human placenta was anti- 
genically identical with CRBP from human liver, 
when examined by radioimmunoassay using a 
specific anti-liver CRBP antibody prepared in this 
laboratory, as shown in Fig. 7. In contrast, CRABP 
was antigenically distinct from CRBP. 

Since CRABP occurs or markedly increases in 
several neoplastic tumors, for the future use of 
acidic retinoids in cancer treatment of chemopre- 
vention it is’ of great importance to know the 
correct concentrations of CRABP in such tumors 
in order to judge an effective retinoid theorapy, in 
much the same way as determinations of estrogen. 
receptor are used in the treatment of mammary 
cancer [26]. Several radioimmunoassay systems for 
rat CRABP have been developed and the CRABP 
levels in various rat tissues have been determined 
[33-35]. However, the immunoassay for human 
CRABP is not yet available. 

We are now attempting to develop a sensitive 
radioimmunoassay system for human CRABP, 
when sufficient amounts of the antigen are availa- 
ble. 
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The role of polyamine reutilization in depletion of cellular stores 
of polyamines in non-proliferating tissues 
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It was known from previous work that specific inhibition of neither ornithine decarboxylase activity nor 
polyamine oxidase activity produces spermidine depletion by more than 20% in non-growing organs, which 
are in a steady state with regard to polyamine metabolism. Combined treatment with inactivators of both 
ornithine decarboxylase and polyamine oxidase for a prolonged time caused, however, a gradual decrease of 
spermidine levels in liver, kidney and brain of mice by 50% and more. The method is in accordance with the 
previously suggested role of polyamine interconversion. Inhibition of polyamine oxidase prevents the 
reutilization for de novo polyamine biosynthesis of putrescine and spermidine, which are formed by oxidative 
splitting of N'-acetylspermine and N''!-acetylspermidine, respectively, and the ornithine decarboxylase 
inhibitor prevents the compensatory increase of putrescine from ornithine. The findings are further evidence 
for the physiological significance of polyamine reutilization. 


Introduction 


It is well established that inhibition of ornithine 
decarboxylase activity in proliferating cells pro- 
duces a gradual decrease of putrescine and 
spermidine concentrations [1]. One may observe at 
the same time an increase of spermine concentra- 
tion, owing to the fact that S-adenosylmethionine 
decarboxylase is induced [2]. Since under these 
conditions no putrescine is available as substrate 
for spermidine synthase, spermine is formed pref- 
erentially as long as spermidine is available as 
substrate of spermine synthase. These changes can 
be especially well observed in closed metabolic 
systems, for example in the fertilized chicken egg 
[3]; if 5 mmol/kg of DL-a-difluoromethylornithine 
(Ornidyl™), the well known inactivator of 
ornithine decarboxylase [4], is injected into the 
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yolk sac on day 4 of incubation, putrescine forma- 
tion is completely blocked. The total polyamine 
content per chick embryo remains constant, but 
one observes the above-mentioned decrease of 
putrescine and spermidine concentrations and a 
concomitant increase of the spermine content per 
embryo. The embryo is capable of growing for a 
few additional days by using up the polyamine 
pool that is available at the time of 
difluoromethylornithine administration. This ex- 
ample demonstrates that difluoromethylornithine 
does not cause a depletion of the polyamines per 
se, but prevents putrescine formation, which makes 
de novo polyamine synthesis impossible. The cel- 
lular polyamine content is decreased by distribu- 
tion of the pool among the daughter cells. This 
happens as long as the available polyamines en- 
able cell division. If the polyamine pool is too 
small, cells stop dividing. 

- Taking these considerations into account it is 
not surprising that in contrast with tumors [5] and 
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Fig 1 The mterconversion pathway of the polyamines 1, Ornithine decarboxylase (EC 4.1.1.17), 2, S-adenosyimethionine (SAM) 
decarboxylase (EC 4.1.1 50); 3, spermidine synthase; 4, spermine synthase; 5, acetyl-CoA : spermidine /spermine N'-acetyltransferase 
(cytosolic); 6, polyamine oxidase; 7, acetyl-CoA: spermidine N*-acetyltransferase; 8, N*-acetylspermidine acetylhydrolase. 


some selected organs which are not in a steady 
state, as far as polyamines are concerned, such as 
prostate [6], treatment of animals with di- 
fluoromethylornithine even over an extended 
period of time had only a relatively small effect on 
the polyamine content of non-growing organs [6]; 
one observed only a very marked reduction of 
urinary polyamine excretion [5], i.e., of those poly- 
amines that are normally either formed in excess 
and/or result from dead cells, whose content was 
emptied. 

Another method of depleting cellular poly- 
amine contents is theoretically based on the in- 
hibition of polyamine interconversion: from the 
scheme (Fig. 1) it appears that the spermidine and 
putrescine, which are formed along the catabolic 


pathway [7,8], may be reutilized for polyamine 
biosynthesis. Evidence for putrescine reutilization 
has indeed been found for brain [9-12] and for 
the whole rat [13]. By inactivating polyamine 
oxidase, the enzyme which is oxidatively splitting 
N?-acetylspermine and N!-acetylspermidine (Fig. 
1), formation of spermidine and putrescine by 
catabolism is prevented. Under these conditions, 
one should not only expect the urinary excretion 
of the amount of those polyamines, which is nor- 
mally reutilized [13], but also a decrease of tissue 
putrescine and spermidine concentrations. How- 
ever, the treatment of mice even for 6 weeks with 
a daily dose of 20 mg/kg N1, N*-bis-(2,3-buta- 
dienyl)-1,4-butanediamine (MDL 72527), a potent 
and specific inactivator of polyamine oxidase [14], 


L? 


produced less than 20% depletion of the spermi- 
dine content of various organs of mice [15], in- 
stead of a gradual decrease according to the rate 
of polyamine turnover. As a tentative explanation 
for the discrepancy between expectance and ob- 
servations, a small compensatory increase of 
ornithine decarboxylase activity was postulated, 
although ornithine decarboxylase activity did not 
exceed measurably the low basal activity of tissues 
of untreated controls [15]. 

In order to allow one to study polyamine func- 
tions in normal vertebrate tissues by methods 
analogous to those used in cultured eukaryotic 
cells [16], it would be necessary to deplete tissue 
polyamine levels without impairment of other 
netabolic reactions by the inhibitors used. Rely- 
mg on the above-described theoretical basis, and 
the specificity of difluoromethylornithine and 
MDL 72527 for ornithine decarboxylase and poly- 
amine oxidase, respectively, we studied the effects 
of combined treatment with these two compounds 
on tissue polyamine levels. 


Materials and Methods 


Chemicals 

Usual laboratory chemicals were from Merck 
(Darmstadt, F.R.G.). o-Phthalaldehyde was from 
Roth (Karlsruhe, F.R.G.), l-octane sulfonate was 
a product of Eastman Kodak (Rochester, NY, 
U.S.A.); putrescine dihydrochloride, spermidine 
phosphate and spermine phosphate were from 
Fluka (Buchs, Switzerland). 

N'-Acetylspermidine dihydrochloride [17], N1- 
acetylspermine trihydrochloride [18], (£)-2-(flu- 
oromethyl)dehydroornithine methyl ester (MDL 
72403) [19], N-methyl, N4-(2,3-butadienyl)-1,4- 
butanediamine dihydrochoride (MDL 72521), and 
N1, N‘4-bis-(2,3-butadienyl)-1,4-butanediamine 
dihydrochloride (MDL 72527) [14] were synthe- 
sized in our institute according to published meth- 
ods. a-Difluoromethylornithine (Ornidyl™) is a 
product of Merrell Dow Pharmaceutical Com- 
pany. 


Animals 

Adult male CD1 albino mice (weighing 30-35 
g) were purchased from Charles River (St. Aubin- 
les-Elbeuf, France). They were housed in groups 
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of five under standardized conditions (22°C, 60% 
relative humidity; 12 h light, 12 h dark cycle; free 
access to standard diet and drinking solution). 
The drinking solutions were exchanged every 3 
days and the amounts consumed per cage and day 
were noted. 


Assay of polyamines 

The animals were decapitated and the organs 
removed as quickly as possible, frozen in liquid 
nitrogen and stored at — 80°C. The frozen organs 
were homogenized in 9 vol. of ice-cold 0.2 N 
perchloric acid. After centrifugation the perchloric 
acid extracts were stored at 2°C until analysis. 
Polyamines were determined in two- (brain) or 
five- (liver and kidney) times diluted extracts by 
separation of their ion pairs with 1l-octane 
sulfonate on a reversed phase column (Ultra- 
sphere-IP, Beckman), reaction with o-phthalalde- 
hyde /2-mercaptoethanol reagent, and recording 
of fluorescence intensity at 455 nm (excitation 
wavelength 345 nm) [20]. 


Assay of decarboxylated S-adenosyimethionine 

200 pl aliquots of undiluted perchloric acid 
tissue extracts were separated on an Ultrasphere 
IP-column using a mixture of buffer B and buffer 
A, 70:30, which contained 10 mM _ 1-octane 
sulfonate; (buffer A: 0.1 M sodium acetate (pH 
4.5); buffer B: 0.2 M sodium acetate plus 
acetronitrile, 70:30). Absorbance at 254 nm was 
continuously recorded. 


Assay of amino acids 

The tissue extracts were diluted with 19 vol. of 
0.2 N perchloric acid and separated on an Ultra- 
sphere IP-column by isocratic elution using a 
buffer containing 630 mi 0.2 M phosphoric acid, 
270 ml 0.1 M sodium acetate (pH 4.5), 100 ml 
methanol and 9 mM sodium dodecyl sulfate. Flu- 
orescence intensity was recorded after reaction 
with o-phthalaldehyde/2-mercaptoethanol reagent 
[21]. 


Behavioral test 

Free-moving mice were obserevd in a device 
described by Weischer [22]. Locomotor activity 
and exploratory behavior were recorded during a 
5-min period. 


S[O1JUOD pue payes UsamJog soUaIOTJIp (CQO > d ) euB Aem yens , 








128 





1> » L6 TLSET + SL F SBL I> £0 +y al + § I? əunpruojÁywoson]yp 
1> x S6 FSLET » LLFTLY «Vt ZI x TT FE€9 «ZO FSI I? 
T> » GIL + 8EET + S6 FESP Ld *€0 Frs #0 F9T a LTSTL TAW + 
I> « 901+ 00rT « b6 F LOY x EF L * OE FEL «70 FOT OL aup ofAyaWOION tp 
I> 95 FZOTI T8 + pró [> S0 +07 CFH i uou 
Iar O 
« TFS ws FS56 + 1€# 167 1> I> «90 FEE Iz surg asopAyyauOIONyIp 
* STZI 69 SOOT x TE FSII * 9+ EI xE F 9 # TO HLI 12 
L+vT Sp F066 * C2 + CST x E+ OL xT F L +EO FTZ pT LESTL IAWN + 
« 9F6 Iz F796 x Ch FEST xf U »*? F OI «v0 FIT oT SUTYITUIO[AYZIWOION ITP 
SOFT OS +876 Lp + L6E [> T> HF 19 = eae 
Aaupry (q 
pu x fl FStp x OT + £87 x 6O0F7S « TIF LS «80 FTE 1Z 
“pu Ot FL9E x OL F E87 « SOFST xl + 6p «80 FLT p LIST TAWN 
1> 61 FISE x OT +CZE [> 1> »xY0 FIT IT 
pu ET Fore « ITF 8pE 1> 1> «LO Fre 4 sunprusojáyowoonyp 
a 1+9 « SI FSTr * CC F781 LE £ xE + TE x [> te 
a I+ CC: FLIE x 0 + L61 « POFT? xS F TE x [> pI 
xIFE Il FOLE x LIFOpT x OLFPT x9 + OF * [> Ol LESTLE TAWN + 
'P'u vl FOJE + CUF EBT * POFLT ai + TF x [> 4 our IO FAYIOWIOION Ip 
> BI FENE 8T + 10Pr [> T> 2 + n a Supu 
uwsig (e 
(skep) 
əuruorypauÁsouape-s sutuiads aurptutiods juowneen 
payefAxoqiesap əuruurəds surptursads -11398-A ~jAj208-, NV aurosoind jo 
(enssy 3 sad jowu) ourumeAjog uoneing yUSUT}eST] 





“‘poumaiap jou ‘ p'u {01-5 =N ‘ C'S Fsanyea uean) ‘Snip ay} Jo asop “di 34/3w pog [euonippe ue yeap azojaq y g Peatooal s[eUITUL pojear]-oUTTUIO[AYIOWOIJONTIp [Ty 


YaALVM ONDINTAC JO AVALSNI SONU OML AHL AO NOILVNIGWOD AHL YO LEISEL TAW~-- 
%S00 YO “ANIHLINUOTAHLANOWONTAIAG ¥€ JO NOLLATOS AO NOLLVULSININGV WALAY SNVOUO ASNOW NI SNOILLVULNAONOD ANINVAT1Od 


I TISYL 


Calculations 

Results of polyamine and amino acid deter- 
minations were analyzed by single-factor analysis 
of variance [23]. For the evaluation of the behav- 
ioral test the non-parametric Kruskal-Wallis one- 
way analysis of variance was used with multiple 
comparisons [24,25]. 


Results 


Effect of treatment with difluoromethylornithine and 
MDL 72527 on polyamine and amino acid levels in 
mouse organs 

Groups of 5 to 10 mice received either a 3% 
solution of difluoromethylornithine, or a 0.05% 
solution of MDL 72527, or a solution containing 
both compounds as sole drinking fluid. At an 
average fluid intake of about 5 ml per day the 
drug intake corresponded to 4.3-5.0 g di- 
fluoromethylornithine per kg body weight, and 
70-80 mg MDL 72527 per kg body weight per 
day. The average increase of body weight during a 
21 day treatment period was: 5-3 g (controls), 
4+ 2 g (MDL 72527) and 2 +2 g difluoromethyl- 
ornithine alone or in combination with MDL 
72527), in agreement with the previously pub- 
lished fact that administration of difluoromethy!l- 
ornithine [26] but not of MDL 72527 [15] pro- 
duces a slight retardation of growth. 

In Table I the results of the polyamine analyses 
in brain, liver and kidney are summarized. Com- 
bined treatment with difluoromethylornithine and 
the polyamine oxidase inhibitor MDL 72527 is in 
all organs more effective in depleting putrescine 
levels than administration of difluoromethylor- 
nithine alone. In agreement with previous results 
[11,15], elevation of N1-acetylspermidine and Nt- 
acetylspermine concentrations was greater in brain 
than in other organs. Prolonged treatment with 
the polyamine oxidase inhibitor alone did not 
enhance N}-acetylspermidine concentratins above 
the initially observed value, but prolonged treat- 
ment with difluoromethylornithine and MDL 
72527 caused a decrease of N'-acetylspermidine 
concentrations. Administration of difluoromethyl- 
ornithine alone had no effect on acetylpolyamines. 

Spermidine showed in all organs a time-depen- 
dent decrease, if the mice were treated with both 
difluoromethylornithine and MDL 72527. After 
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Fig. 2 Time-dependent decrease of spermidine (Spd) con- 
centrations in brain (A) and liver and kidney (B) of mice 
receiving a 3% solution of difluoromethylormithine (ornithine 
decarboxylase inhibitor) (------ \} or a combination of 3% 
difluromethylornithine and 0.05% MDL 72527 (polyamine 
oxidase inhibitor) ( ) as sole drinking fluid O------ =i 
animals receiving only 0.05% MDL 72527 as dnnking fluid 
Values are means + S.D (indicated by the vertical bars). 





21 days of oral administration of the two inhibi- 
tors spermidine levels in brain were decreased by 
55%, in liver by 50%, and in kidney even by 70%. 
The semilogarithmic plots (Fig. 2) demonstrate 
that the rate of spermidine depletion is decreasing 
with time. 

The average rates of spermidine depletion are 
summarized in Table II. The value obtained for 
brain during the first 4 days of treatment is the 
same as was previously determined from the rate 
of N!-acetylspermidine accumulation in mouse 
brain [11]. With increasing length of treatment the 


TABLE II 


AVERAGE RATE OF SPERMIDINE DEPLETION IN 
ORGANS OF MICE AFTER ORAL ADMINISTRATION 
OF DIFLUOROMETHYLORNITHINE AND MDL 72527 


The values in this table were calculated from the data pre- 
sented ın Table I (mean values, range in parentheses) 


Experimental Spermidine depletion (nmol/g tissue per h) 
period 


(a) brain liver kidney 
1-4 1.2 (07-17) -~ ~ 
1-10 0.7 (0.5-0.9 1.9(1.1-26) 0.9 (0.5-1.3) 
14-21 01(0 -0.3) 0 (O -09) 0.2(0 -0.5) 
1-21 0.4 (0 3-0.5) 0.9(06-13) 06(04-0.7) 
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rate of spermidine depletion is lowered to in- 
significant values. 

In agreement with what has been previously 
observed in cultured rat hepatoma cells [2], sper- 
mine concentration was increasing in all tissues 
concomitantly with the loss of spermidine, and 
measurable concentrations of decarboxylated S- 
adenosylmethionine appeared at the same time in 
kidney and brain, but remained in liver below the 
detection limit of our method. 

The determination of the non-essential amino 
acids (Table III) in the brains of mice after 21 
days of treatment with difluoromethylornithine 
and MDL 72527 revealed small increases of serine, 
glycine, glutathione and GABA. 

In order to achieve as complete an inhibition of 
ornithine decarboxylase as is practically possible, 
groups of four mice received not only a 3% solu- 
tion of difluoromethylornithine as drinking fluid, 
but in addition daily three intraperitoneal injec- 
tions of 200 mg/kg during the light period. MDL 
72527 was given, as before, as 0.05% solution 
orally. Furthermore, another very potent inhibitor 
of ornithine decarboxylase, (£)-2-(fluoromethyl) 
dehydroornithine [19], was administered in the 
form of its methyl ester (MDL 72403) in order to 
compare it with difluoromethylornithine. The 
latter compound was given twice daily in a dose of 
100 mg/kg i.p. Polyamine analyses were carried 
out after 6 days of treatment, 3 h after the last 


TABLE IV 
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dose of ornithine decarboxylase inhibitor. The 

comparison of the results in Table IV with those 

in Table I reveals the following: 

(a) the higher dose of difluoromethylornithine did 
not enhance spermidine depletion; 

(b) MDL 72403 given in two daily doses of 100 
mg/kg alone or in combination with MDL 
72527 produced comparable changes in brain 
polyamines, as were observed after adminis- 
tration of a 3% solution of difluoromethylor- 
nithine in drinking water, and the combina- 
tion of difluoromethylornithine/MDL 72527, 
respectively. 

Experiments analogous to those described above 
have also been carried out with combinations of 
difluoromethylornithine (administered as 2% solu- 
tion; i.e. 2.9-3.3 g/kg body weight per day) and 
N'-methyl, N*-allenylputrescine (MDL 72521) 
(given as 0.05% solution). 

Since the 2% solution of difluoromethyl- 
ornithine. had about the same effect on tissue 
spermidine levels (Table V) as were observed after 
administration of a 3% solution (Table I), the less 
complete depletion of spermidine levels obtained 
after administration of the drug combination is 
obviously due to the lower potency of MDL 72521, 
as compared with MDL 72527. It was known that 
MDL 72521 penetrates the blood brain barrier 
less well [15], and therefore incomplete inhibition 
of polyamine oxidase in brain could be expected. 


COMPARISON OF THE EFFECTS OF THE ORNITHINE DECARBOXYLASE INHIBITORS DIFLUOQROMETHYLOR- 
NITHINE AND E-2-(FLUOROMETHYL)DEHYDROORNITHINE (MDL 72403) ON BRAIN POLYAMINE CONCENTRA- 


TIONS 


Difluoromethylormthine was given as 3% solution instead of drinking fluid, and the animals received in addition daily three 200 
mg/kg up. doses of difluoromethylornithine. MDL 72403 was administered twice daily by i.p. injection of 100 mg/kg The 
polyamine oxidase inhibitor MDL 72527 was given as 005% solution as drinking fluid. Duration of treatment: 6 days; killing 3 h 
after the last dose of the ornithine decarboxylase inhibitors Values are given as means + S.D., N = 4. 


Treatment Polyamine (nmol/g brain) 
putrescine N}-acetyl N-acetyl- spermidine spermine 
spermidine spermine 

Physiological saline 12 +2 <1 408 +16 363445 
Difluoromethylornithine 4 +1* <1 372 +22 * 339 +20 
Difluoromethylornithine + MDL 72527 1440.1 * 47+4* 2.0+0.6 * 280 +10 * 385 +33 
MDL 72403 4 +1* <1 381422 347413 
MDL 72403 + MDL 72527 1.1+0,3 * 4248 * 2.5+0.2 * 288+ 16 * 392+18 


* Statistically sigmficant ( P < 0.05) difference between treated and controls 
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TABLE V 


POLYAMINE CONCENTRATIONS IN MOUSE ORGANS AFTER TREATMENT WITH SOLUTION OF 2% DI- 
FLUOROMETHYLORNITHINE, OR 0.05% MDL 72521 OR THE COMBINATION OF THE TWO PES? INSTEAD OF 
DRINKING WATER 


All difluoromethylornithine-treated animals received 3 h before death an additional 200 mg/kg up. dose of the ome Values are 
means+8.D; N = 3-6. 


Treatment Duration Polyamine (nmol/g tissue) 
of putrescine N'-acetyl- N}-acetyl- spermidine spermine 
treatment . . 
spermidine spermine 
(days) 
a) Brain 
none ~ 13 4 2* <j <1 408+ 20 2894+ 17 
difluoromethylornithine 7 4+1* <1 <1 3634 27 303+ 17 
14 34+ 0.4 * <l <1 362+ 21 sts 3 
21 1.9+ 0.4 * <l <1 320+ 33* 286+ 24 
28 1.94 0.3* <l <1 3414 27* 308+ 4 
MDL 72521 7 7.84 0.4 * 32+ 6 <1 382+ 22 3014+ 14 
14 8 + 2* 33+11 <1 378+ 60 275+ 46 
21 9 + 1* 354 5 <1 420+ 36 299+ 11 
28 9 4 2* 28+ 2 <1 399+ 30 ‘297+ 7 
difluoromethylornithine 7 13+ 0.1* 17+ 3 <1 317+ 7* 293+ 35 
+MDL 72521 14 10+ 0.5 * 13+ 1 <1 3094 13* 312+ 7 
21 13+ 0.5 * 12+ 4 <1 300+ 11* 308+ 15 
28 11+ 0.2* 11+ 1 <1 290+ 3* 3014, 4 
b) Kidney 
none a 57 +15 <1 <1 465+ 48 888+ 51I 
difluoromethylornithine 7 6 +1* <1 <1 333+ 12* 898+ 58 
14 6.9+ 0.5 * <1 <1 288+ 44 * 860+ 45 
21 67+ 0.2* <1 <1 344+ 86 * 963+ 37 
28 7 + 1* <] <1 3104+ 13* 892+ 33 
MDL 72521 7 29 +18 10+ 2* 18+3 * 338+ 12" 860+ 68 
14 53 + 8 10+ 2* 16+4* 388+ 34 9564 75 
21 42 +34 12+ 1* 1645 * 3464+ 51* 914+ 176 
28 43 +9 10+ 2* 154+1* 398+ 24 9534 92 
difluoromethylornithine 7 3 4 1* BELS 26+6 * 279+ 21* 1045+ 43 
+MDL 72521 14 4 +2* 9 1* 18+6 * 213+ 22* 967+ 15 
21 4 4 2* 114 1* 1544* 270+ 64* 1062+ 46 
28 5 + 2* liż 3* 22+4 * 2944 47 * 10344 58 
c) Liver 
none ~ 10 4 1 <1 <1 1159+ 145 1482 +190 
difluoromethylornithine 7 8 43 <1 <1 1084+173 13694149 
14 13 + 4 <l <1 1058 + 126 1635 +102 
21 7 +1 <1 <1 824+ 16 1587+ 18 
28 7 +2 <1 <1 913 +142 1 588 +221 
MDL 72521 7 TE e i 16+ 2* 15+5* 1254+ 54 1624+146 
14 6.14 0.3 24+14 * 15457 1105+ 71 1659+216 
21 10 + 5 16+ 4* 18+5 * 1025 + 254 1411+1]21 
28 6.04 0.2 je ae a 14+3* 1119+179 1538+ 109 
difluoromethylornithine 7 5 +2 16+ 9* 21+9* 919 + 284 1708 +115 
+ MDL 72521 14 3 + 2* 1l+ 2* 214+2* 793 +150 * 1506+ 96 
21 2 +4 1* ll 3* 17437 796 +170 * 1889+ 85 * 
28 14+ 0.1* 8+ 2* 20 +3 * 7844141 * 1794 + 367 





* Statistically significant (P < 0.05) difference between treated and controls 
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EFFECT OF ADMINISTRATION OF A 3% SOLUTION OF DIFLUOROMETHYLORNITHINE, OR A 0.05% SOLUTION OF 
MDL 72527 OR A COMBINATION OF THE TWO DRUGS INSTEAD OF DRINKING WATER ON LOCOMOTION AND 


EXPLORATORY BEHAVIOR OF MICE 


The difluoromethylornithine-treated animals received, 3 h before the behavioral test, an additional 200 mg/kg i.p dose of the drug 


Values are means; n = 5-10 


Treatment Duration of 
treatment 
(days) 

None = 

Difluoromethylormıthine + MDL 72527 21 

Difluoromethylornithine 21 

MDL 72527 21 


Locomotion Exploratory Body weight gain 
(scores) behaviour during 
(scores) treatment 
(8) 

86 94 73 

72 64 * 242 

90 77 2t2 

88 81 4+2 


* Statistically significant difference (P < 0.05) between treated and controls 


However, the fact that this compound is also less 
effective than MDL 72527 in peripheral organs 
was a surprise. 

In all experiments N'‘-acetylspermidine con- 
centrations in brain were somewhat higher, if the 
polyamine oxidase inhibitor was given alone, than 
after administration of the drug combination. This 
is in agreement with the reduced spermidine 
turnover rate after ornithine decarboxylase inhibi- 
tion [11]. 


Toxicological and behavioral considerations 

Treatment of mice with a 3% solution of di- 
fluoromethylornithine alone or in combination 
with MDL 72527 did not produce any apparent 
toxicity. Those animals which received di- 
fluoromethylornithine gained, however, about 50% 
less weight than the controls or the MDL 72527- 
treated groups. The absence of toxic effects of 
MDL 72527 has been previously reported [15]. 
Not only did we not observe toxic effects, but also 
there were not even any gross behavioral changes. 
As a first step to more detailed pharmacological 
studies, locomotor activity and exploratory behav- 
ior of the long-term treated mice were explored 
using the method of Weischer [22]. As appears 
from the results in Table VI, locomotor activity 
was not significantly affected by any of the treat- 
ments; however, a diminution of the exploratory 
behavior was noted. 


Discussion 


Profound depletion of spermidine in a non- 
growing tissue has previously only been demon- 
strated in the liver of starving mice [27]. Later on 
it was demonstrated that induction of the cyto- 
solic acetyl-CoA : spermidine /spermine N?-acetyl- 
transferase [28] was important for the initiation of 
polyamine depletion [29]. 

Under the experimental conditions of the pre- 
sent work we found no evidence for the induction 
of acetyl-CoA : spermidine/spermine N!- 
acetyltransferase. Our results can be easily ex- 
plained as logical consequences of the existence of 
the interconversion pathway, if we postulate that 
putrescine (and spermidine) reutilization is not 
only important in brain, as has been previously 
shown [9-12], but also in liver and kidney. 
According to this scheme (Fig. 1) the polyamine 
oxidase inhibitor prevents the formation of 
spermidine and putrescine from spermine and 
spermidine, respectively, and thus their reentry 
into the synthetic pathway. Since the ornithine 
decarboxylase inhibitor prevents at the same time 
the compensatory formation of putrescine from 
ornithine, spermidine levels are decreasing (ini- 
tially) at a rate which is equivalent to the basal 
turnover rate. The closely similar numbers ob- 
tained for the rate of spermidine depletion during 
the first days of treatment, and the previously 


134 


determined degradation rate of spermidine in 
mouse brain [9—11] are suggestive in this regard. 

Treatment with the polyamine oxidase inhibi- 
tors is apparently not affecting N -acetylation of 
spermidine by the nuclear acetyltransferase or the 
N®-acetylspermidine acetylhydrolase (Fig. 1), as 
appears from the fact that neither tissue con- 
centrations, nor, as has been shown previously 
[13], urinary excretion of N*-acetylspermidine was 
changed by treatment with the polyamine oxidase 
inhibitors. Although acetylputrescine excretion has 
not been measured, one has to assume that its 
metabolism is also unaffected, because putrescine 
and spermidine N*-acetylation is catalyzed by the 
same acetyltransferase [30] and hydrolysis of these 
acetyl derivatives by the same deacetylase [31]. 

The increase of spermine concentrations after a 
certain depletion of spermidine in various tissues 
obviously occurs due to the same reason, as was 
discussed in the introduction section; in the ab- 
sence of putrescine, spermidine is the only sub- 
strate which can react with the excessively availa- 
ble decarboxylated S-adenosylmethionine. How- 
ever, even in spite of the fact that in later phases 
of treatment spermidine depletion is not only 
caused by prevention of putrescine reutilization, 
but also by enhanced spermine formation, the rate 
of spermidine depletion is considerably slowed 
down after prolonged treatment with the two in- 
hibitors. One potential explanation is that acetyl- 
CoA : spermidine/spermine N?-acetyltransferase 
is down-regulated. The limited sensitivity of the 
present methods do not allow us to test this hy- 
pothesis. A more likely explanation is, however, 
the following. Owing to their cationic nature, we 
have to assume that only a small fraction of the 
total tissue spermidine and spermine is ‘free’ [32], 
and thus accessible to the cytosolic enzyme. With 
progressing depletion of spermidine, the equi- 
librium concentration of free (cytosolic) spermi- 
dine is gradually decreasing, since initially the 
pools with loosely bound spermidine are emptied. 
By analogy, its considerably higher affinity for 
anionic binding sites [33] is the reason for the slow 
degradation rate of spermine [11]. 

The relative inefficiency of ornithine de- 
carboxylase inhibitors to deplete polyamine levels 
in non-growing tissues [6,19,26] has usually been 
ascribed to incomplete inactivation of ornithine 


decarboxylase in vivo, owing to the high turnover 
rate of this enzyme, the accumulation of the en- 
zyme [34] and the difficulty to maintain continu- 
ously a high level of the ornithine decarboxylase 
inhibitors. The fact that administration of 2% or 
3% solutions of difluoromethylornithine, or the 
additional injection of three times 200 mg/kg 
doses of this compound, did not produce greatly 
differing effects on brain polyamine levels, argues 
in favor of the assumption that the extent of 
ornithine decarboxylase inhibition may not be the 
only reason for the observed small polyamine 
depletion. A better explanation seems to be offered 
by the observation that only a small proportion of 
putrescine is formed under steady-state conditions 
by decarboxylation of ornithine. In mouse brain 
only 20-30% of the total putrescine formed seems 
to originate directly from ornithine, whereas 
70-80% are formed by spermidine degradation 
[11,12]. Moreover, the possibility cannot be ex- 
cluded that small amounts of polyamines are im- 
ported from the circulation. In fact we had as- 
sumed that uptake from the circulation would be a 
major polyamine source of peripheral organs, in 
contrast with brain, which is protected by the 
blood-brain barrier. The latter is known not to be 
penetrated effectively by the polyamines [35]. To 
our surprise, however, spermidine depletion by 
combined treatment with an ornithine decarboxy- 
lase and a polyamine oxidase inhibitor was in liver 
and kidney as efficient as in brain. This findings 
seems to exclude circulatory polyamines as a major 
source of non-growing organs in a steady-state 
situation. However, under our experimental condi- 
tions, tissue levels of N'-acetylspermidine and 
N}-acetylspermine are elevated. We cannot ex- 
clude at present that these intermediary metabo- 
lites of polyamine catabolism serve as signals, 
indicating enhanced polyamine catabolism, and 
thus prevent cellular polyamine uptake from the 
environment. 


Conclusions 


Combined treatment of laboratory animals with 
inhibitors of ornithine decarboxylase and poly- 
amine oxidase is a means of depleting tissue levels 
of spermidine by about 50%. The method relies on 
the prevention of the reutilization of those por- 


tions of spermidine and putrescine which are 
formed along the: interconversion pathway by 
oxidative splitting of N}-acetylspermine and Nt- 
acetylspermidine, respectively. These substrates of 
polyamine oxidase are eliminated from the organs 
and are either excreted or further metabolized 
[36,37]. Complete depletion of tissue spermidine 
stores by this method seems infeasible due to the 
decrease of the turnover rate with progressing 
diminution of spermidine concentration. In order 
to enhance the rate of spermidine depletion above 
the turnover rate, it will be necessary to induce 
polyamine acetylation. 

In spite of the fact that difluoromethylornithine 
and the polyamine oxidase inhibitor MDL 72527 
have been administered over an extended period 
of time, no toxic effects have been observed. This 
underlines the specificity of these two enzyme- 
activated irreversible inhibitors. We therefore con- 
sider the method useful for in vivo studies of the 
physiological consequences of putrescine and 
spermidine depletion. 
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The activity of a galactosyltransferase (GalT-2) that catalyzes the transfer of galactose from 
uridinediphosphogalactose to glucosylceramide in cultured normal human proximal tubular (PT) cells was 
characterized with respect to substrate saturation and metal ion requirements. Using a membrane-bound 
enzyme source, optimum activity was obtained in the presence of 1.0 mM Mn*+ /Mg** (1:1) and a 
detergent mixture, Triton X-100 /Cutscum (1:2, v/v), 0.1 mg/ml. The apparent K,, values for gluco- 
sylceramide and UDP['C]galactose were 3 pM and 0.5 pM, respectively. The V.,,, values for gluco- 
sylceramide and UDP[U-"C]galactose were 0.12 nmol /mg protein per 2 h and 173 nmol /mg protein per 2 
h, respectively. The purified “C-labelled product comigrated with authentic lactosylceramide (LacCer) on 
TLC and HPLC analysis. The presence of a terminal 8-['C]galactosyl group in the enzymatic product was 
proved by its cleavage (79%) by £-galactosidase. Following the development of optimal assay conditions in 
normal PT cells, GalT-2 activity was next measured in urinary PT cells from homozygous familial 
hypercholesterolemic (FH) patients previously shown to accumulate large amounts of lactosylceramide. 
Urinary PT cells from familial hypercholesterolemic homozygous patients contained 35% higher GalT-2 
activity as compared to control cells. We speculate that elevated GalT-2 activity may contribute to the 
storage of LacCer in FH-PT cells. 


t 


Introduction numerous cell-surface functions [1]. The bio- 
synthesis of glycosphingolipids occurs via a 
sequential transfer of sugars from nucleotide sugar 
donors to acceptor lipids such as ceramide for 
glucosylceramide synthesis and glucosylceramide 


for lactosylceramide synthesis [4-6]. These reac- 


Glycosphingolipids are integral components of 
cell membranes and human plasma lipoproteins 
[1-3]. Glycosphingolipids have been accorded 
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terolemic; LDL, low density lipoprotein. 
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tions are catalyzed by glycosphingolipid glyco- 
syltransferases which are localized on the plasma 
membrane and Golgi apparatus [4,7]. The bio- 
synthesis of LacCer is carried out by UDP-Gal: 
GlcCer 81 — 4-galactosyltransferase ($-GalT-2) 
[5,8]. This is a key enzymatic reaction, since LacCer 
is a precursor for the synthesis of at least three 
different classes of glycosphingolipid. These are: 
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gangliosides, sulfatides and GbOse,Cer [1]. Previ- 
ously, membrane-bound enriched sources were 
used to characterize specific glycosphingolipid gly- 
cosyltransferase [5-10]. Because of the use of tis- 
sue culture systems to study various aspects of 
regulation of glycosphingolipid metabolism, the 
characterization studies in tissue extracts have been 
extended to these systems recently [8,10,12—14]. 

The present studies were undertaken to char- 
acterize UDP-Gal:GlcCer galactosyltransferase 
activity in normal human proximal tubular (PT) 
cells and to measure the activity of this enzyme in 
urinary PT cells from low density lipoprotein 
(LDL) receptor negative familial hypercholesterol- 
emic (FH) homozygous patients. These studies are 
of particular interest to us because, first, LacCer, 
the product of this reaction, serves as a precursor 
for the biosynthesis of lactosylsulfatide, 
GbOse,Cer, and G,,, present in these cells. Sec- 
ondly, conditions developed in normal cells can be 
applied to.test whether or not the accumulation of 
LacCer in urinary proximal tubular cells reported 
previously in FH patients is due to increased 
B-GalT-2 activity [3,15]. 


Materials and Methods 


Materials 

Uridine diphosphate-p-[U-'* C]galactose 
(UDP-Gal) (327 mCi/zmol) was purchased from 
New England Nuclear (Boston, MA). Unlabeled 
UDPgalactose, cacodylic acid, sodium cacodylate, 
Triton X-100 and Hepes buffer were purchased 
from Sigma Chemical Co. (St. Louis, MO). Cuts- 
cum was purchased from Fisher Chemical Co. 
(Fairlawn, NJ). 

Other chemicals were purchased from com- 
mercial sources. Octyl-pentoxyethylene was a gift 
from Dr. Saul Roseman, Department of Biology 
of our institution. Glucosylceramide was purified 
from Gaucher (f-glucosidase deficiency) spleen 
and characterized by TLC, HPLC [16] techniques. 
Human kidney glycosphingolipids were prepared 
as described previously [17]. Minimum essential 
medium and heat-inactivated, dialyzed fetal calf 
serum were purchased from Gibco (Grand Island, 
NY) and Microbiological Associates, (Walkers- 
ville, MD), respectively. -Galactosidase was 
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purchased from Seikagaku Kogyo Co., Ltd. (2-9 
Nihonbashihoncho, Chuo-Ka, Tokyo). 


Cell culture 

Human PT cells were prepared from autopsy 
kidney [18]. Cells (approximately 5-10°) were 
grown in 75 cm’ Corning plastic tissue culture 
flasks in Eagles minimum essential medium and 
10% fetal calf serum without antibiotics, since the 
latter compounds were found to give rise to 
“myeloid bodies’ [18]. Medium was replenished on 
day 1 and day 5 of cell growth. On day of cell 
growth, cell monolayers were washed and 
harvested in medium without fetal calf serum and 
centrifuged (500 X g, 10 min, 10°C). Next, the cell 
pellet was suspended in 1 mM cacodylate buffer 
(pH 6.5) containing 0.32 M sucrose, 0.1% $£- 
mercaptoethanol, 1 mM EDTA, 0.1% poly(ethyl- 
ene glycol) (M, 1000), and centrifuged. The cell 
pellets were frozen at —20°C until further use. 
Freshly voided urine was collected under sterile 
conditions from two FH receptor-negative homo- 
zygotes (V.P., K.B.) [19]. Urinary sediments were 
prepared and PT cells isolated by Ficoll density 
gradient centrifugation, washed with phosphate- 
buffered saline and centrifuged [20]. The cell pel- 
let was resuspended in the cacodylate buffer de- 
scribed above, centrifuged and stored frozen. 


Preparation of cell homogenates 

Cell pellets were suspended in the above-men- 
tioned cacodylate buffer and transferred to 
‘Dounce’ glass homogenizing tube and ho- 
mogenized with a tight fitting glass pestle. Ap- 
proximately ten strokes were applied. Homogeni- 
zation was stopped when no intact cells were 
observed upon light microscopy. Suitable aliquots 
of the cell homogenate were solubilized in 1.0 M 
NaOH for protein assay [21]. 


UDP galactose:glucosylceramide galactosyltrans- 
ferase assay 

The assay used is a modification of the method 
of Basu et al. [5]. Assay mixtures (in a total 
volume of 100 u1) contained the following compo- 
nents unless otherwise specified in the text: 100 
ug crude homogenate protein; 10 pg Cutscum/ 
Triton X-100, 2:1 (v/v); 5 pmol Mg?*+/Mn**, 
1:1 (v/v); 20 mmol sodium cacodylate buffer 
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(pH 6.8); 3.0 pmol glucosylceramide; and 0.1 
mmol UDPgalactose. 

Assay mixtures were incubated for 2 h at 37°C 
and reactions were stopped by the addition of 25 
pmol EDTA plus 2.5 pmol KCl. Chioroform/ 
methanol 2:1 (v/v) and 5 ug of human kidney 
glycosphingolipid were added and the products 
were isolated. The products were separated on 
‘Whatman’ SG-81 paper chromatography 
(VWRScientific, San Francisco, CA). Chloro- 
form/ methanol/water 60:17:2 (w/v) was used 
as a solvent. Authentic lactosylceramide was co- 
chromatographed. Following chromatography, the 
chromatogram was dried in cool air, and glyco- 
sphingolipids were identified by exposure to iodine 
vapors. The following Rp values were obtained: 
LacCer, either radiolabelled or unlabelled 0.68; 
Cer,. 0.98; GlcCer, 0.91; GbOSe,Cer, 0.49; and 
GbOse,Cer, 0.27. Chromatogram areas corre- 
sponding in migration with authentic LacCer were 
cut and radioactivity was measured in a Beckman 
LS-3800 scintillation spectrometer using the back- 
ground subtract setting and automatic quench set- 
ting as well as a 2.00 setting for the 2sigma 
statistical error. Assays. without exogenous GlcCer 
served as blanks and were subtracted from all data 
points. 


Protein assay 

Protein content in cell homogenates was de- 
termined by the method of Lowry et al. [21] using 
crystalline bovine serum albumin as a standard. 


Product identification 

‘ Product identification was carried out following 
. modifications of the method of Lockney and 
. Sweeley as described below [13]. In order to iden- 
tify the glycosphingolipid product, a reaction mix- 
_ ture was prepared in which the specific activity of 
the UDPgalactose was increased 30-fold and the 
quantities of the rest of the reaction mixture were 
increased 30-fold. Following incubation, the reac- 
tion mixture was partitioned by adding chloro- 
form/ methanol/water (100:50:1.5, v/v) and 
centrifugation (500 xX g, 5 min, 4°C). The lower 
‘phase was removed and the upper phase was 
extracted again with chloroform/ methanol / water 
(87: 14:1, v/v) and centrifuged. The lower phases 
were pooled and taken to dryness in a speed vac 


(Savant Instruments, Inc., Farmingdale, NY). The 
sample was resuspended in chloroform / methanol 
(2:1, v/v) and suitable aliquots were spotted on 
silica gel G plates and high performance thin layer 
chromatography (HPTLC) plates (E. Merck) em- 
ploying chloroform/ methanol/water (100: 42: 6, 
v/v) and chloroform/ methanol/ water/15 M 
NH, OH (280: 70: 6:1, v/v) [11], respectively, and 
developed. The gel areas corresponding in chro- 
matographic migration with authentic LacCer were 
scraped and eluted with chloroform/ methanol/ 
water (100:50:10, v/v) and centrifuged. The 
solvent layer was evaporated and the radioactivity 
was measured in a suitable aliquot. 


B-Galactosidase treatment 

The product of GalT-2 reaction purified by 
TLC as described above was dried in screw-cap 
tubes, and 100 pmol of carrier LacCer, f-galac- 
tosidase (0.1 units) and 7.5 pmol of sodium citrate 
buffer (pH 4.5) were added. One set of sample was 
immediately immersed in boiling water. The latter 
served as a boiled enzyme blank sample. The 
reaction mixture was incubated for 16 h at 37°C. 
The reaction was terminated with chloroform/ 
methanol (2:1, v/v). 100 ug of unlabeled galac- 
tose and a suitable volume of 0.5 M KCI were 
added. The samples were mixed and centrifuged 
(500 x g, 10 min, 10°C). The upper phase was 
collected, washed with theoretical upper phase, 
centrifuged again, and radioactivity associated 
with free galactose was measured in ‘Aquasol’ 
(New England Nuclear, Boston, MA). 


Results and Discussion 


Lactosylceramide plays a‘ pivotal role in glyco- 
sphingolipid biosynthesis since it serves as a pre- 
cursor for complex neutral glycosphingolipids, 
sulfatides and gangliosides. Lactosylceramide 
synthesis occurs via the transfer of galactose from 
UDPgalactose to GlcCer. Employing polyclonal 
and monoclonal antibody against LacCer, the lo- 
calization of LacCer has been shown to be cyto- 
plasmic [22,23]. 

The effect of increasing concentrations of PT 
cell homogenate protein on GalT-2 activity 1s 
shown in Fig. 1A. Galactosyltransferase activity 
increased linearly with increasing concentrations 
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Fig 1. Effects of protem concentration, time, temperature of 
incubation, and detergent concentration on _ galacto- 
syltransferase (GalT-2) activity in PT cell homogenates. The 
experimental conditions for GalT-2 assay in PT cell homo- 
genates were varied as described in Materials and Methods. 
The product of the enzyme assay was purified by SG-81 
‘Whatman’ paper chromatography employing chloroform/ 
methanol/water (120:34:4, v/v). Radioactive spots which 
comigrated with LacCer were cut and radioactivity was mea- 
sured employing scintillation spectrometry (A) Effects of pro- 
tein concentration on GalT-2 activity in PT cell homogenates. 
(B) Effects of time of incubation on GalT-2 activity in PT cell 
homogenates (C) Effects of temperature of incubation on 
GalT-2 activity in PT cell homogenates (D) Effects of deter- 
gent concentration on GalT-2 activity in PT cell homogenates. 
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of homogenate protein from 50 to 150 pg/100 pl 
of assay mixture. GalT-2 activity increased lin- 
early with time from 30 min to 4 h (Fig. 1B). 2 h 
of incubation was used routinely to measure 
GalT-2 activity on exogenously provided GlcCer. 
The effect of incubation temperature on GalT-2 
activity is shown in Fig. 1C. No activity was 
observed at 4°C. However, GalT-2 activity in- 
creased with increasing temperature. Maximum 
GalT-2 activity was observed when the incubation 
temperature was set at 37°C. In contrast, GalT-2 
activity was lowered when the incubation temper- 
ature was 30°C compared to 37°C. Therefore, 
subsequent studies were pursued by setting the 
incubation temperature to 37°C. 

The effects of detergent concentration on 
GalT-2 activity is shown in Fig. 1D. GalT-2 activ- 
ity rose linearly with the concentration of deter- 
gent mixture Cutscum/ Triton 1:1 (v/v). Optimal 
GalT-2 activity was observed with 0.25 ug deter- 
gent mixture/100 pl assay. Further, increasing the 
detergent mixture concentration to 1.5 pg/100 pl 
assay rapidly decreased GalT-2 activity in PT cell 
homogenates. Cutscum and Triton X-100 used 
alone, or when: used in various other ratios in the 
assay mixture, did not stimulate GalT-2 activity. 
Furthermore, other detergents tested, e.g., octyl- 
pentaoxyethylene, Triton X-100 only and cutscum 
only, were also without effect on GalT-2 aay 
m PT cell homogenates. 
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Fig. 2 Effects of pH, buffer concentration, and metal ion concentration on GalT-2 activity in PT cell homogenates. The expenmental 
conditions for GalT-2 assay in PT cell homogenates were varied as described ın Materials and Methods. The product was separated 
and radioactivity was measured as described ın the legend to Fig 1. (A) Effect of pH on GalT-2 activity in PT cell homogenates (B) 
Effect of cacodylate buffer concentration on GalT-2 activity in PT cell homogenates. (C) Effect of divalent metal 10n concentration 


on GalT-2 activity in PT cell homogenates. 
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The effect of buffer pH on GalT-2 activity in 
PT cell homogenates is shown in Fig. 2A. The 
enzyme was inactive at pH 5.5. Maximum GalT-2 
activity was observed when the pH of the buffer 
was 6.8. GalT-2 activity decreased when the buffer 
pH was adjusted to 7.5 and 8.5. The enzyme was 
inactive at pH 9.0. The effects of cacodylate buffer 
concentration on GalT-2 activity in PT cell homo- 
genates are shown in Fig. 2B. GalT-2 activity was 
inactive without the inclusion of cacodylate buffer 
in the enzyme assay mixture. Cacodylate gave a 
maximum : activation of GalT-2 activity at 10 
wmol/100 ul assay mixture. Further increase in 
cacodylate concentration (20--40 pmol/ 100 ul) in 
the enzyme assay mixture moderately decreased 
GalT-2 activity. 

Fig. 2C shows the effect of Mn** plus Mg** 
(1:1 v/v) concentration on GalT-2 activity in PT 
cell homogenates. Without added metal ions, 
GalT-2 was inactive. Maximum GalT-2 activity 
was observed when 0.1 pmol of Mg** plus Mn** 
was added to 100 pl of the assay mixture. This 
translates to approximately 10.0 mM of Mg?t 
plus Mn** and is within the range of metal ion 
requirements for the attainment of maximum gly- 
cosyltransferase activity [13]. Further increase in 
metal ion concentrations from 0.25 umol to 1.5 
pmol/100 ul assay mixture decreased GalT-2 ac- 
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tivity in PT cell homogenates. Mg?* and Mn?* 
alone did not increase the activity significantly. 

The effects of substrate (GlcCer) concentration 
and donor (UDP-Gal) concentration on GalT-2 
activity in PT cell homogenates is shown in Fig. 
3A and B, respectively. The data was plotted as 
1/V and 1/S and the Kmapp and Vaas were 
calculated. The K,,,,, values for GlcCer and 
UDPgalactose were 3 uM and 0.5 aM, respec- 
tively. These values are approximately 4-times 
lower than those described for other glycosphin- 
golipīid glycosyltransferases in cultured cells 
[8,13,14]. Moreover, the Vax of the enzyme was 
0.12 nmol/ mg protein per 2 h and 173 nmol /4-mg 
protem per 2 h for GlcCer and UDP-Gal, respec- 
tively. This value is clearly higher than previously 
reported values of other glycosphingolipid glyco- 
syltransferases and suggests that UDP-Gal was 
the rate-limiting step in the synthesis in vitro of 
LacCer. 

Product identification was carried out employ- 
ing TLC and scintillation spectrometry before and 
after digestion with f$-galactosidase. We found 
that the majority (79%) of the radiolabeled prod- 
uct comigrated with authentic LacCer on TLC 
analysis (Table I). Radioactivity incorporated into 
GlcCer, GalCer, sulfatide, GbOse,Cer and G3 
were insignificant. However, a compound which 
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Fig. 3. Effect of glucosylceramide (GlcCer) concentration and UDP["*C]galactose concentration on GalT-2 activity in PT cell 
homogenates Varying amounts of exogenous GleCer acceptor and galactose donor, UDP["*C]galactose was added and GalT-2 
activity was measured. Kyapp and Vinax,app Were calculated by plotting the 1/V over 1/S data (shown in inset). (A) Effect of 
glucosylceramide concentration on GalT-2 activity in PT cell homogenates. (B) Effect of UDP([)*C]galactose concentrations on 
GalT-2 activity in PT cell homogenates. ! 


TABLE I 


DISTRIBUTION OF RADIOACTIVITY AMONG VARI- 
OUS GLYCOSPHINGOLIPIDS IN PT CELL HOMO- 
GENATE FOLLOWING GalT-2 ASSAY 


Human PT cells were grown as described ın Materials and 
Methods. A large-scale galactosylitransferase assay was pursued 
using PT cell homogenate, using GicCer as acceptor and 
UDP{'*C]galactose as galactose donor. The product of the 
assay mixture was isolated by extraction with organic solvents 
as described in Materials and Methods, purified by silicic acid 
column chromatography [17] and separated on high perfor- 
mance thin layer chromatography (HPTLC) plates pre-sprayed 
with 1.5% sodium borate. The chromatogram was developed in 
chloroform/methanol/water/15 M NH,OH (280:70:6:1, 
v/v) [11]. Gel areas corresponding to authentic glycosphin- 
golipid were scraped and eluted with chloroform/methanol/ 
water (100: 50.10, v/v). Suitable aliquots of glycosphingolipid 
were subjected to radioactivity measurements employing scin- 
tillation spectrometry. 


Product dpm Percent distribution of 
radioactivity 
GlcCer 20 0.12 
GalCer 20 0.12 
LacCer 12288 79.09 
Sulfatide 15 0.09 
GbOse,Cer 28 0.18 
LcOse,Cer 3088 19.87 
Gua Ti 0.49 
Total 15536 99 96 


comigrated with GbOse,Cer upon TLC incorpo- 
rated large amounts of radioactivity. We believe 
that this radiolabeled compound is most probably 
lactotetraglycosylceramide (nLcOse,Cer) because, 
first, nLcOse,Cer has been shown to have the 
following structure (Gall — 4GicNAcfl1 —> 
3GalB1 — 4GicB1 — 1’Cer) and has comigrated 
with GbOse,Cer upon TLC. Second, using 
lactotriglycosylceramide (LcOse,Cer, GIcNAcf1 
-> 3GalcB1 — 4GlcB1 — I’Cer) as substrate, we 
have found significant UDP-Gal:LcOse,Cer 
galactosyltransferase (8-GalT-4) activity in PT 
cells (Chatterjee, S., unpublished information). 
Activity of this enzyme has been detected previ- 
ously by Basu and his co-workers in rabbit bone 
marrow [24] and embryonic chicken brains [25]. 
We are in the process of characterizing this prod- 
uct employing various glycosphingolipid glyco- 
sidases. 

Upon galactosidase digestion of the radio- 
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labeled glycosphingolipid coimigrating with 
authentic LacCer, the majority (79%) of [*C]- 
galactose was released, indicating that the major 
product formed due to GalT-2 activity in PT cells 
was LacCer. Moreover, upon HPLC analysis of 
the £-galactosidase-treated product, significant 
amounts of GicCer could be detected in addition 
to undigested LacCer. 

Using optimal conditions for the assay of 
GalT-2 in cultured normal human PT cells, we 
measured the activity of this enzyme in freshly 
isolated urinary PT cells from FH patients. The 
activity of GalT-2 in normal PT cells was 8.7 + 
0.50 nmol/mg protein per 2 h (these values were 
obtained from four separate batches of PT cells), 
whereas the activity of GalT-2 in FH-PT cells was 
11.69 + 0.50. The latter values were obtained from 
triplicate analysis of one homozygous FH subject 
(K.B.) and from another homozygous FH subject 
(V.P.) on one occasion. Thus, PT cells from homo- 
zygous FH patients contained 35% higher GalT-2 
activity as compared to normal PT cells. We have 
previously shown that the levels of LacCer are 
elevated 15-fold in urimary PT cells from FH 
homozygous patients [15]. Based upon these data, 
we can now speculate that the increase in the 
cellular levels of LacCer in FH-PT cells may be 
due to an increase in GalT-2 activity. Previously, 
we have shown that cultured fibroblasts from ho- 
mozygous FH subjects also have higher UDP- 
Gal:LacCer galactosyltransferase activity [26]. 
Taken together, these studies suggest that alter- 
ations in glycosyltransferase activities may regu- 
late the cellular levels of certain glycosphingoli- 
pids. 
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Human heart angiotensin-converting enzyme has been purified by affinity chromatography on immobilized 
N-[{1(S )-carboxy-5-aminopentyl]-Gly-Gly. The isolation procedure permitted a 1650-fold-purified enzyme to 
be obtained. The specific activity of angiotensin-converting enzyme was 38 units per mg protein. The 
molecular weight of enzyme determined by polyacrylamide gel electrophoresis in denaturing conditions was 
150 000. The isoelectric point (5.3) of the enzyme was determined by chromatofocusing. The K, values of 
the enzyme for Bz-Gly-His-Leu and angiotensin I are 1.2 mM and 10 pM, respectively. Substrate inhibition 
of heart angiotensin-converting enzyme with a K/ of 14 mM has been shown. The human heart enzyme is 
inhibited by SQ 20881 (IC, = 40 nM). It was shown that NaCl, CaCl, as well as Na,SO, in the absence of 
Cl- are activators of the heart angiotensin-converting enzyme, whereas CH,COONa and NaNO, have no 


effect on a catalytic activity of the enzyme. 


Introduction 


Angiotensin-converting enzyme (dipeptidyl 
carboxyhydrolase, EC 3.4.15.1), a zinc-metal- 
loproteinase, plays an important role both in the 
renin-angiotensin and kallikrein-kinin systems by 
releasing hypertensive angiotensin IJ and by in- 
activating hypotensive kinins [1]. Besides, angio- 
tensin-converting enzyme catalyses the hydrolysis 
of other physiologically active peptides, such as 
Met- and Leu-enkephalins and related compounds 
[2,3], substances P and K [4,5] and hydra head 
activator [6]. At present, homogeneous enzyme has 
been isolated from different animal [7—9] and 
human [10-13] tissues. Purification of human 
angiotensin-converting enzyme presents a more 


Abbreviation: Mes, 4-morpholineethanesulfonic acid. 
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complicated problem, since the human enzyme 
appears to be more hydrophobic than the animal 
counterpart [13]. There are data testifying to the 
organ specificity of angiotensin-converting en- 
zyme [5,8,14,15,16]. In this paper we describe the 
purification of angiotensin-converting enzyme 
from human heart with the use of affinity chro- 
matography on the immobilized inhibitor, N- 
[10S )-carboxy-5-aminopentyl]-Gly-Gly. The phys- 
ico-chemical properties of the enzyme are dis- 
cussed and compared with those of angiotensin- 
converting enzyme from other sources. 


Materials and Methods 


Chemicals. Hippuryl-t-histidyl-L-leucine (Bz- 
Gly-His-Leu), bradykinin-potentiating factor (SQ 
20881) and ethanolamine were purchased from 
Serva; N-[1(S)-carboxy-5-aminopentyl]-Gly-Gly 
was a gift of Dr. J.F. Riordan (Harvard Medical 
School, Boston, MA, U.S.A.). Nonidet P-40, tryp- 
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sin, soybean trypsin inhibitor, N-hydroxysuc- 
cinimide, N, N-dicyclohexylcarbodiimide and Mes 
were obtained from Sigma; o-phthalaldehyde was 
from Fluka; DEAE-cellulose (DE-52) was the 
product of Whatman; epoxy-activated Sepharose 
6B, ion-exchanger PBE 94 and polybuffer 74 were 
obtained from Pharmacia Fine Chemicals. 

Synthesis of a solid phase affinity adsorbent. 
N-[1(S )-carboxy-5-aminopentyl]-Gly-Gly-Seph- 
arose was prepared by the method of Pantoliano 
et al. [7] with our modification. Similarly, 450 mg 
6-[ N-( p-amimobenzene)amino|caproic acid in 18 
mi 0.1 M carbonate buffer (pH 11) were added to 
3 g epoxy-activated Sepharose 6B and incubated 
for 17 h at 45°C. The unreacted epoxide groups 
were then blocked by making the suspension 1 M 
in ethanolamine (pH 9.0) and rotating it for 4 h at 
25°C. The resulting gel was washed with 0.1 M 
sodium acetate/0.5 M NaCl (pH 4.0), then with 
0.1 M sodium borate/0.5 M NaCl (pH 8.0), and 
with water-and dioxane. To activate the carboxylic 
groups, 230 mg N-hydroxysuccinimide, and after 
10 min, 500 mg dicyclohexylcarbodiimide were 
added to 20 ml of gel suspension in dioxane upon 
stirring. The reaction was run for 70 min at 25°C. 
The activated gel was washed with dioxane, 
methanol and again dioxane and dried on a glass 
filter. Then 60 mg N-[1($)-cabroxy-5-aminopen- 
tyl]-Gly-Gly dissolved in 11 ml 0.1 M NaHCO, 
(pH 8.5) was added to the gel and incubated for 
20 h at 4°C. The affinity adsorbent was consecu- 
tively washed with 0.1 M acetate buffer/0.5 M 
NaCl (pH 4.0), with 0.1 M borate buffer/0.5 M 
NaCl (pH 8.0) and with 20 mM Mes (pH 6.0) and 
stored at 4°C. 

Isolation of the angiotensin-converting enzyme. 
The isolation procedures were done at 4°C. The 
purification included the following steps. 

Extraction. The cardiac muscle (67 g) was 
withdrawn 2—4 h after death and stored before use 
at —70°C. The tissue was cut into small pieces 
and homogenized in 470 ml 50 mM K, HPO, (pH 
8.3) in a Waring blender at ‘low speed’ (1 min) 
and ‘high speed’ (1 min). The homogenate was 
centrifuged at 1000 x g for 10 min. The mem- 
brane fraction was obtained by centrifugation of 
the supernatant at 21000 xg for 60 min. The 
pellet was resuspended in an equal volume of 50 
mM K.HPO, (pH 8.3) and recentrifuged in the 
same manner. 


The membrane-bound enzyme was solubilized 
by trypsin treatment. The pellet was suspended in 
an equal volume of 2 mM CaCl, and mixed with 
30 mg trypsin with stirring. After proteolysis for 1 
h at 37°C, 30 mg soybean trypsin inhibitor was 
added, and the mixture was centrifuged at 21000 
xg for 80 min. The supernatant was dialysed 
against distilled water. 

lon-exchange chromatography on DEAE-cel- 
lulose. Angiotensin-converting enzyme was sub- 
jected to batch chromatography on DEAE-cel- 
lulose equilibrated with 10 mM phosphate buffer 
(pH 7.8). The protein/ adsorbent ratio was maim- 
tained equal to 1:50 (g/g), which was shown to 
be optimal [10]. The enzyme was eluted with a 
Starting buffer, containing 200 mM NaCl. The 
eluate having the enzyme activity was dialysed 
against 20 mM Mes (pH 6.0)/0.5 M NaCl/0.1 
mM ZnCl,/0.1% Nonidet P-40. 

Affinity chromatography. Further purification of 
angiotensin-converting enzyme was performed on 
an affinity adsorbent with immobilized N-[1(S)- 
carboxy-5-aminopentyl]-Gly-Gly (Fig. 1). The en- 
zyme solution was clarified by passage through a 
0.45 um filter and applied at room temperature to 
an affinity gel column (9 X 85 mm) equilibrated 
with 20 mM Mes (pH 6.0)/0.5 M NaCl/0.1 mM 
zinc acetate/0.1% Nonidet P-40, at a flow rate of 
8 ml/h. To prevent nonspecific adsorption, the gel 
was washed with 150 ml of the starting buffer, and 
then with 80 ml of the same buffer without the 
detergent. A subsequent buffer change to 50 mM 
sodium borate (pH 8.9) caused the elution of 
bound angiotensin-conversion enzyme. The en- 
zyme was stored at — 40°C. 

Enzyme assay. The activity of angiotensin-con- 
verting enzyme was measured in 100 mM Tris- 
HC1/ 400 mM NaCl/2.5 mM Bz-Gly-His-Leu at 
pH 7.8, except in pH dependence experiments (pH 
7-9), or in 100 mM Tris-HCI/ 200 mM NaCl/0.2 
mM angiotensin I (pH 7.4). The dipeptide formed 
was analyzed fluorimetrically using o-phthalalde- 
hyde [17]. Incubation was carried out for 15 min 
at 37°C. Effect of various ions on the enzyme 
activity were studied in 100 mM Tris-H,SO, (pH 
7.8)/2.5 mM Bz-Gly-His-Leu, taking into account 
the effects of salts on the fluorescence of His-Leu. 

One unit of enzyme activity is defined as the 
amount of angiotensin-converting enzyme that hy- 
drolyses 1 umol Bz-Gly-His-Leu per min under 


standard assay conditions. The specific activity is 
expressed as the number of units per mg protein. 

Inhibition studies. The angiotensin-converting 
enzyme activity towards Bz-Gly-His-Leu was mea- 
sured under standard conditions after premcuba- 
tion of the enzyme with various concentrations of 
SQ 20881 (1-1076-1-107? M) for 60 min at 
BEG. 

Analytical methods. Protein was determined by 
the Lowry method [18]. SDS electrophoresis was 
performed in 7.5% polyacrylamide gel as described 
by Laemmli [19]. The molecular weight of enzyme 
was determined using calibration proteins: myosin 
(205 000), vinculin (130000), L-actinin (100000) 
and bovine serum albumin (67000). The chro- 
matofocusing of the enzyme was carried out on 
ion-exchanger PBE 94 within the pH range of 6 to 
4. 


Results and Discussion 


There are still no data about angiotensin con- 
verting enzyme from human cardiac tissue. Only 
partial purification of dipeptidyl carboxyhydrolase 
from bovine atrium has been described in a recent 
publication [20]. This event has given impetus to 
our investigation aimed at the isolation of angio- 
tensin-converting enzyme from human heart. 

The procedure of isolation of human heart 
angiotensin-converting enzyme is summarized in 
Table I. The enzyme, being a membrane-bound 
glycoprotein, is localized on the endothelial cell 
surface of human heart (unpublished data). To 
solubilize angiotensin-converting enzyme, we used 
limited proteolysis by trypsin treatment. This pro- 
cedure resulted in a split-off of a hydrophobic 
anchor peptide inserted into the lipid bilayer of 
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the plasma membrane [13]. A removal of this 
fragment does not in any way affect the activity, 
as shown for lung and kidney angiotensin-convert- 
ing enzyme and atrium dipeptidyl carboxyhydro- 
lase [20,21], which makes trypsinization a highly 
valuable and widespread methodological ap- 
proach. One disadvantage of this method is the 
heterogeneity of angiotensin-converting enzyme 
preparations [10]. 

The earlier described, partially purified di- 
peptidyl carboxyhydrolase from bovine atrium [20] 
has a specific activity of 1.12 units per mg protein. 
The ventricular tissue homogenate possesses no 
enzyme activity. In contrast to data from an earlier 
study [20], we have demonstrated that human 
detergent-solubilized homogenates of both atrium 
(0.41 units per g tissue) and ventriculum (0.24 
units per g tissue) exhibit the enzyme activity. 

Attempts to achieve a greater purification of 
the bovine atrium enzyme by affinity chromatog- 
raphy on immobilized D-Cys-L-Pro were unsuc- 
cessful [20]. We isolated the human heart angio- 
tensin-converting enzyme by affinity chromatog- 
raphy on N-[1(S)-carboxy-5-aminopentyl]-Gly- 
Gly coupled to Sepharose 6B (Fig. 1). The affinity 
resin binds up to 0.9 mg enzyme per g gel. A 
higher capacity of this adsorbent in relation to 
earlier described affinity resins [12,22,23] seems to 
be due to the use of an elongated spacer. The 
immobilized ligand was covalently linked to 
agarose via the spacer at a distance of 2.8 nm, 
which is thought to be optimal [7]. Another ad- 
vantage of the affinity adsorbent is that it allows 
for quantitative elution of the angiotensin-convert- 
ing enzyme activity under mild conditions. In 
addition, the affinity gel is highly stable. A 6-ml 
column -of N-[1(S')-carboxy-5-aminopentyl]-Gly- 


PURIFICATION OF HUMAN HEART ANGIOTENSIN-CONVERTING ENZYME 


Procedure Volume Protein Specific Total Punfication Yield 
(ml) (mg) activity activity ( x-fold) (%) 
(units/mg) (units) 
Homogenate 560 3250 0 023 748 1 100 
Trypsinization 50 135 0 328 443 17 59 
DEAE-cellulose 40 76 3.46 25.8 150 34 
Affinity 
chromatography 10 0.57 38.0 21.7 1650 29 
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Fig. 1. Affınity chromatography of human heart angiotensin-converting enzyme on immobilized N-[1($)-carboxy-5-aminopentyl]- 


Gly-Gly. 


Gly-Sepharose was used 15 times over the course 
of 6 months for the large-scale isolation of heart 
enzyme. The binding capacity does not seem to 
diminish with use. 

The use of affinity chromatography has 
culminated in a highly active preparation of hu- 
man heart angiotensin-converting enzyme purified 
1650-fold and having a specific activity of 38 units 
per mg protein (Table I). All steps of the isolation 
procedure are completed within 5 days. In this 
way, the use of affinity chromatography permits 
simplication of the purification procedure. 

The purity of enzyme preparations was con- 
trolled by electrophoresis in 7.5% polyacrylamide 
gel slabs in the presence of SDS and 2-mercapto- 
ethanol; the enzyme was found to migrate as 
single band of: M, 150000. This value is close to 
that for lung and kidney enzymes [10,24], but 
differs essentially from the M, for aorta and tes- 
ticular angiotensin-converting enzymes equal to 
120000 and 100000, respectively, as well as from 
the M, of 240000 for bovine atrium dipeptidyl 
carboxyhydrolase [20,25,26]. The isoelectric point 
for heart angiotensin-converting enzyme upon 
chromatofocusing was 5.3. This value differs from 
those of human angiotensin-converting enzyme 
from lung, kidney and blood (pZ 4.45—4.55) [21,27]. 

The enzyme exhibited a bell-shaped pH depen- 
dence for the hydrolysis of Bz-Gly-His-Leu. a 


C-terminal analog of angiotensin I, with a maxi- 
mum at 7.8. The pH optimum for human heart 
angiotensin-converting enzyme was shifted to- 
wards more acidic values as compared to corre- 
sponding values for lung and serum enzyme (8.3) 
[10,28]. For bovine atrium dipeptidyl carboxy- 
hydrolase the pH optimum was at 7.3 [20]. De- 
spite certain differences, the pH dependencies of 
the bovine and human cardiac enzymes are very 
stmilar. Both dependencies are narrow, which also 
makes heart angiotensin-converting enzyme differ- 
ent from its lung counterpart [29]. 

The value of K,, for hydrolysis of Bz-Gly-His- 
Leu by heart angiotensin-converting enzyme is not 
easily assigned because there is a pronounced sub- 
strate inhibition apparent at [S], > 4.1 mM (Fig. 
2). However, using the Michaelis-Menten equation 
as an empirical equation for calculating v at [S], 
<[S]oo. we can calculate an effective K. Ex- 
trapolation of the right branch of the curve gave 
the apparent K,, of 1.2 mM. Similar values were 
reported earlier for angiotensin-converting enzyme 
from other organs [30,31]. 

The observed decrease of the initial velocity of 
hydrolysis at high substrate concentrations has led 
us to consider the possibility of the formation of a 
ternary complex, ES,. The symmetrical shape of 
the dependence of the reaction velocity (v) re- 
plotted against log [S], is reflective of the lack of 
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Fig. 2. Determination of inhibition constant of the heart angiotensin-converting enzyme by Bz-Gly-His-Leu. 


enzymatic activity in the ES, complex [32]. The 
value of the inhibition constant K! (14 mM) was 
determined from the replots of 1/v versus [S]o 
(Fig. 2). Substrate inhibition was also observed for 
lung:and atrium enzymes [20,33]. The coincidence 
of V a Values determined from different plots 
(1/V versus 1/[S], and 1/V versus [S],) suggests 
that this scheme is fit for the description of en- 
zyme reaction kinetics. 

As a typical feature of angiotensin-converting 
enzyme is the ability of the enzyme to synthesize 
angiotensin II from angiotensin I [34], we have 
studied the hydrolysis of angiotensin I catalysed 
by human heart angiotensin-converting enzyme. 
The apparent K,, value was 10 aM. Earlier, Km 
values were determined for human serum and 
kidney enzymes (71 and 4 uM, respectively) 
[13,22], which are close to the K,, obtained for the 
heart enzyme. The value of k a for the heart 
enzyme is 250 s~'. Hence, the k,,,/K,, value for 
heart angiotensin-converting enzyme is 25 M7'- 
s+, whereas that for the lung enzyme is 20 M7! - 
s7} [24]. Data obtained have permitted us to 
define human heart dipeptidyl carboxyhydrolase 
as angiotensin-converting enzyme. 

The angiotensin-converting enzyme showed a 
requirement for monovalent anions, notably chlo- 
ride, for the hydrolysis of angiotensin I and re- 
lated compounds [30]. The effects of various an- 
ions.on the activity of human heart angiotensin- 


converting enzyme are shown in Fig. 3. At low salt 
concentrations, the increase of Cl~ results in the 
enzyme activation, the maximal activity being 7- 
fold the activity in the absence of Cl~ at 0.3-0.5 
M NaCl. This value is lower than that obtained 
for human lung and serum counterparts (0.6 M) 


30 ` 
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Fig. 3 Effect of different salts on the hydrolysis of Bz-Gly-His- 
Leu by the human heart angiotensin-converting enzyme (ACE). 
A---—-—a, NaCl; O O, Na,8O4; ©- @, CaCl,; 
a——, NaNO,; O—— 9, CH, COONa. 
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[10,35]. At higher NaCl concentrations, the activ- 
ity of the heart enzyme sharply decreases in con- 
trast to that of serum and lung angiotensin-con- 
verting enzymes, which is nonspecifically activated 
at high ionic strength [10,27]. 

Harris and Wilson [20] found that the activa- 
tion of dipeptidyl carboxyhydrolase from bovine 
atrium is not controlled by Cl”, but depends only 
on the ionic strength. However, this assumption is 
incorrect for human heart angiotensin-converting 
enzyme, because various salts affect differently the 
enzyme activity (Fig. 3). Thus, acetate and nitrate 
ions have no effect on the human enzyme activity. 
In contrast, the angiotensin-converting enzyme ac- 
tivity is increased 14-fold by sulfate ion in the 
absence of Cl~. This fact is very important since 
sodium sulfate activates angiotensin-converting 
enzyme from other organs only in the presence of 
Ci” and at high concentrations of the salt [27]. 

In the case of CaCl,, the maximal enzyme 
activity is at 0.3 M salt. At higher concentrations 
the activity falls abruptly; at 0.5 M CaCl, the 
enzyme preserves only 50% of its maximal activity. 
The observed phenomenon can probably be 
explained by partial substitution of Zn’* in the 
active site of angiotensin-converting enzyme [36] 
for Ca** at high concentrations of CaCl,. 

Human heart angiotensin-converting enzyme 1s 
effectively inhibited by SQ 20881 with an IC. of 
40 nM. This value of IC., points to the high 
efficiency of the enzyme inhibition. The latter 
circumstance could play some role in the treat- 
ment of congestive heart failure by converting 
enzyme inhibitors [37]. Similar values of IC., were 
obtained for human lung and kidney angiotensin- 
converting enzymes [10,11]. 

Thus, using affinity chromatography on N- 
[1(S )-carboxy-5-aminopentyl]-Gly-Gly immobi- 
lized on Sepharose, we have succeeded in isolating 
angiotensin-converting enzyme from human heart. 
It has been demonstrated that although the di- 
peptidyl carboxyhydrolase isolated in our labora- 
tory may be related to angiotensin-converting en- 
zyme, some of its physico-chemical properties dif- 
fer markedly from those of converting enzyme 
from other organs. Analysis of immunological dif- 
ferences of angiotensin-converting enzyme from 
various human tissues with the use of monoclonal 
antibodies will be the subject of further studies. 
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Sialidase activity was assayed in homogenized rabbit alveolar macrophages using a fluorogenic substrate: 
sodium 4-methylumbelliferyl-a-D-neuraminate. After differential centrifugation one acid-active enzyme 
(optimum pH 4.2) was detected in the 16000 x g pellet that contained lysosomes, mitochondria and 
peroxisomes. A second activity, with an optimum pH of 5.4, was found in the cytosolic fraction. The 
acid-active sialidase accounted for more than 95% of the total sialidase activity in crude homogenate. When 
alveolar macrophages were collected from rabbits stimulated with bacillus Calmette-Guerin (BCG), the 
acid-active sialidase specific activity was increased 2.5-fold whereas other lysosomal enzymes such’ as 
N-acetylglucosaminidase and -galactosidase were stable. The cytosolic sialidase activity did not change. 


Introduction 


Alveolar macrophages play an important role 
in the inflammatory process as well as in the 
immune response. These mechanisms involve 
numerous interactions between cells and between 
cells and soluble effectors such as antibodies, 
lectins, toxins and cytokines. It was assumed that 
the carbohydrate moieties of membrane glycopro- 
teins and glycolipids played a key role in these 
recognition phenomena [1,2]. In this context, sialic 
acids, essential components of most glycocon- 
jugates, are frequently associated with numerous 
biological functions [3]. Thus, sialidase (EC 
3.2.1.18), which hydrolyses alpha-ketosidic bind- 
ing between sialic acids and glycoconjugates, could 
be considered as being a modulatory enzyme [3]. 
Mammalian sialidases are mainly lysosomal [4]. 
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This is an important feature since phagocytic cells 
(including alveolar macrophages) indeed release 
lysosomal enzymes during endocytosis [5] or fol- 
lowing activation by CSa [6]. It is possible that, 
once released into the medium, sialidases will 
modify membrane carbohydrates of the surround- 
ing cells and thus alter their reactivity. A sialidase 
activity has been shown in immunocompetent cells 
such as lymphocytes and polymorphonuclear 
leukocytes [7]. To our knowledge, there is no 
available information on the presence of a siali- 
dase activity in alveolar macrophages. Conse- 
quently, we looked for the possible presence of 
such an activity in these cells. Subsequently we 
studied the subcellular localization of this enzyme 
and characterized some of its kinetic parameters. 
It has been shown that sialidase activity could 
be stimulated in activated T lymphocytes [8]. As 
BCG-treated rabbits are known to have activated 
alveolar macrophages [9], we examined the modifi- 
cations of the sialidase activity in these cells col- 
lected from rabbits that had been injected with 
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bacillus Calmette-Guerin (BCG). Comparatively, 
other enzymes such as N-acetylglucosaminidase 
(EC 3.2.1.30) and f-galactosidase (EC 3.2.1.23) 
have also been assayed in this model. 


Materials and Methods 


Cell types 

Alveolar macrophages from normal rabbits. The 
lungs from normal male rabbits (albinos HyCr; 3 
kg, Charles Rivers) were washed five times with 50 
ml 154 mM NaCl maintained at 37°C. The re- 
turns were pooled (bronchoalveolar lavage) into a 
siliconized flask at +4°C. The number of cells 
obtained per rabbit ranged from 50-10° to 80- 
10°. The bronchoalveolar lavage was centrifuged 
at 300 xX g for 20 min at +4°C. The cell pellet 
was resuspended in Hanks’ saline solution [10] at 
a concentration of 0.5 - 10° cells/ml, then 30 ml of 
the suspension was transferred into 110 mm 
(Falcon) petri dishes. After a 2 h incubation in a 
5% CO, humid atmosphere, the non-adherent cells 
were removed and the petri dishes were washed 
three times with phosphate-buffered saline / Dul- 
becco buffer [11], pH 7.2 (without Ca?* and 
Mgt). Adherent cells were harvested with a teflon 
scraper, resuspended in 3 ml cold phosphate- 
buffered saline and pelleted by centrifuging at 
1000 x g for 20 min at + 4°C. 94—98% of the cells 
had adhered and were macrophages as assessed by 
differential cell counts on smears stained with 
May-Grinwald Giemsa. The trypan blue dye ex- 
clusion test revealed a vitality of greater than 98%. 

Alveolar macrophages from BCG-stimulated rab- 
bits. The BCG activation was performed as 
according to Thomas et al. [12] with slight modifi- 
cations. The rabbits were injected subcutaneously 
with 15 mg sonicated BCG (Institut Pasteur) in 
mineral oil. 14 days later the rabbits were re-in- 
jected in the marginal vein of the ear with 5 mg of 
sonicated BCG in saline. The lungs were washed 4 
days later. The total number of cells from one 
rabbit ranged from 10° to 4 - 10°. The cell popula- 
tion was heterogeneous, comprising macrophages, 
monocytes, lymphocytes and polymorphonuclear 
leukocytes. Macrophages were purified by dif- 
ferential adherence as described above. More than 
95% of adherent cells were macrophages and the 
vitality exceeded 95%. 
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Subcellular fractionation 

Alveolar macrophages were resuspended at a 
concentration of 10’ cells/ml in 3 mM imidazole 
buffer (pH 7.2) containing 250 mM sucrose and 1 
mM EDTA. The suspension was homogenized 
using a glass teflon homogenizer with ten strokes. 
The homogenate was centrifuged at 1000 x g for 
10 min. The ‘post nuclear’ supernatant was then 
centrifuged at 16000 x g for 30 min. The resulting 
lysosome-enriched pellet was re-homogenized in 
distilled water (1 ml per 10’ cells). The 16000 x g 
supernatant was centrifuged at 105000 x g for 1 
h. The pellet was discarded and the supernatant 
corresponded to the soluble cytoplasmic (cyto- 
solic) fraction. This process was performed at 
+4°C, The sialidase activity was assayed either 
immediately or after storage at — 80°C. 


Enzymatic assays 

The stalidase activity was assayed by using a 
fluorogenic substrate [13]: sodium 4-methylumbel- 
liferyl-a-D-neuraminate (Sigma, U.S.A.). In short, 
cell homogenates or subcellular fractions were in- 
cubated in a 100 mM sodium acetate-acetic acid 
buffer at various pH values for 1-4 h (at 37°C) 
with 250 uM substrate. The reaction (25 pl final 
volume) was stopped with 1 ml absolute ethanol. 
Sialidase activity was determined after adding 100 
ul 1 M NaOH, then measuring the fluorescence 
intensity of released 4-methylumbelliferone. Fluo- 
rescence emission was red at 450 nm after excita- 
tion at 365 nm on a Turner fluorometer. Pure 
4.methylumbelliferone was used as standard. 

N-acetylglucosaminidase and {-galactosidase 
activities were assayed at their respective optimum 
pH using appropriate nitrophenolic substrates [14]. 

All the enzymatic assays were done in dupli- 
cate. One enzymatic unit was defined as the 
amount of enzyme which hydrolyses 1 nmol sub- 
strate per h at 37°C. 

Protein concentration was determined using 
Bradford’s method [15] with bovine serum al- 
bumin as standard. 


Statistical evaluations 
The difference between two groups was estab- 
lished by using analysis of variance (F test). 
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Normal alveolar macrophages 

Mammalian sialidases have been reported to be 
inhibited by Triton X-100 [7,16] and by mechani- 
cal disruption [16]. Thus, various homogenization 
methods were compared; namely: (a) mechanical 
disruption either with glass teflon homogenizer (in 
either 3 mM imidazole-sucrose buffer or distilled 
water), or by successive slow passages through a 
syringe needle (16 X 0.5 mm bore); and (b) deter- 
gent action (Triton X-100 0.1%). It was estab- 
lished that homogenization with a glass teflon 
homogenizer in 3 mM imidazole-sucrose buffer 
was the most suitable method since it allowed us 
to perform both subcellular-fractionation and en- 
zymatic assays. Moreover as 3 mM imidazole 
buffer is weak compared to a 100 mM sodium 
acetate-acetic acid buffer, it allowed us to perform 
the enzymatic assays without prior dialysis of the 
homogenates or of the subcellular fractions. As 
plotted in Fig. 1, a sialidase showing an optimum 
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Fig. 1. pH activity curve of alveolar macrophages sialidases in 
the crude homogenate (O ©), ın the lysosome-enriched 
fraction (© @), and in the cytosolic fraction 
(4 — — — 4). Maximal activities are: 5+2.55 U/mg for the 
crude homogenate; 19.5+4.2 U/mg for the lysosome-ennched 
fraction; and 0.014+0.004 U/mg for the cytosolic fraction. 
Maximal activities are expressed in nmol substrate hydrolysed 
per h per mg protein. C 








activity at pH 4.4 was detected in the crude homo- 
genate of normal rabbit alveolar macrophages. Its 
specific activity was 5+ 2.55 U/mg of protein 
(n = 5 rabbits). The enzymatic activity was linear 
up to 4 h of incubation. Substrate hydrolysis was 
linear for an amount of protein ranging from 4.5 
to 290 pg in the assay. 

Sialidase detected in the 16000 x g pellet had a 
pH activity curve very similar to that of the crude 
homogenate with an optimum pH at 4.2 (Fig. 1). 
More than 70% of the 8-galactosidase activity that 
had been found in the crude homogenate was 
recovered in the 16000 x g pellet. 

No stalidase activity could be detected in the 
105000 x g supernatant (cytosol), unless it had 
been 20-fold concentrated on a DIAFLO PM 10 
ultrafiltration membrane (Amicon, U.S.A.). The 
cytosolic sialidase then detected had an optimum 
activity at pH 5.4 (Fig. 1). This activity was very 
weak in comparison with that of the lysosome-en- 
riched fraction. It accounted for no more than 5% 
of the total activity of the crude homogenate at 
pH 4.4. In the lysosome-enriched fraction, siali- 
dase had an apparent K,, of 0.11+0.014 mM 
(n = 5) at pH 4.2 whereas, in the cytosolic frac- 
tion, the apparent K,, was 0.28 + 0.042 mM (n= 
4) at pH 5.4. Some characteristics of these activi- 
ties are summarized in Table [. It should be not- 
iced that the cytosolic sialidase was more stable 
than the one associated with the lysosome-en- 
riched fraction. After 1 week of storage at — 80°C, 


TABLE I 


PROPERTIES OF SIALIDASES IN THE LYSOSOME-EN- 
RICHED (LYSOSOMAL) AND CYTOSOLIC FRACTIONS 
FROM NORMAL RABBIT ALVEOLAR MACROPHAGES 


Mu-NANA = sodium 4-methylumbelliferyl-a-D-neuramunate; 
NANA = N-acetylneuraminic acid. 


Lysosomal Cytosolic 
Optimum pH 42 54 
Apparent Km for Mu-NANA O11 0.28 
+0.014mM +0042 mM 
Inhibition by 100 M 
2,3-dehydro-2-deoxy-NANA 90% 100% 
Inhibition by 8 mM NANA 43% 76% 
Inhibition by 10 mM EDTA 9% 0% 
Activation by 20 mM CaCl, 4% 19% 
Residual activity after 1 week 
of storage at — 80°C 57% 90% 


the residual activity was respectively 57% and 90% 
in the lysosome-enriched and the cytosolic frac- 
tions. 


BCG-stimulated alveolar macrophages 

We have observed a 2.5-fold increase in the 
specific sialidase activity in the crude homogenate 
of alveolar macrophages collected from BCG- 
activated rabbits compared to normal rabbits (Ta- 
ble II). This increase seemed to be specific for 
sialidase since the specific activities of two lyso- 
somal glycosidases (-galactosidase and N- 
acetylglucosaminidase) were not significantly 
changed in the same animals (Table IJ). In al- 
veolar macrophages from BCG-stimulated rabbits, 
the sialidase kinetic parameters were not modified. 
The pH activity curves and apparent K,, values 
were identical to those obtained from normal al- 
veolar macrophages for both ‘lysosomal’ and cyto- 
solic activities. 


Effect of adherence to plastic on the enzymatic 
activities 

The question arose as to what extent adherence 
of the cells, by itself, could modify the sialidase 
activity. In order to examine this possibility, the 
alveolar macrophages from normal rabbits were 
separated into two batches. The cells from the first 
batch were pelleted, then frozen at once, whereas 
the cells from the second one were pelleted, then 
frozen after an adherence step. The two pellets 
were homogenized and the crude homogenates 
were tested for sialidase, N-acetylglucosaminidase 


TABLE H 


SPECIFIC ENZYMATIC ACTIVITIES IN ALVEOLAR 
MACROPHAGES FROM NORMAL AND BCG-STIMU- 
LATED RABBITS 


as No significant difference, * significantly different (P < 
0 03). 


Specific enzymic activities (nM substrate 
hydrolysed per h per mg protein) 


sialidase N-acetylgluco- f-galactosidase 
sarmnidase 
Normal §.0242.55  6547.2+691.4 1551 +433.2 
(n=5) 
BCG- 


activated 13 03+4.88 * 7277 +2701"* 1612.84328"° 
(n = 5) 
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TABLE III 


EFFECT OF CELL ADHERENCE TO PLASTIC ON THE 
SPECIFIC ACTIVITY OF SIALIDASE, N-ACETYLGLU- 
COSAMINIDASE AND -GALACTOSIDASE FROM 
NORMAL RABBIT ALVEOLAR MACROPHAGES 


Specific activity (nM substrate 
hydrolysed per h per mg protem) 


sialidase B-galactosidase N-acetyigluco- 


saminidase 
Expt. No. 1 
without adherence 3.8 1304 6954 
with adherence 2.6 1097 6618 
Expt No, 2 
without adherence 4.4 2172 6870 
with adherence 30 2268 6 848 


and -galactosidase activities. Cells that had ad- 
hered to plastic showed a slight decrease in the 
specific sialidase activity (— 30%). The activities of 
the two other glycosidases were not modified (Ta- 
ble HI). 


Discussion 


This report provides evidence for the presence 
of sialidase activities in alveolar macrophages from 
normal rabbits. During differential subcellular 
fractionation a first activity was detected in the 
16000 x g pellet with an acid optimum activity at 
pH 4.2. This pellet corresponded to the lysosome- 
enriched subcellular fraction as assessed by the 
presence of more than 70% of the B-galactosidase 
activity initially found in the crude homogenate. 
The presence of a lysosome-associated sialidase 
with an acidic optimum activity pH has been 
previously demonstrated in other cell types of the 
immune system such as lymphocytes and 
granulocytes [17—19]. A second activity was found 
in the soluble fraction of the cytoplasm. Its opti- 
mum activity pH was more neutral (pH 5.4). It 
seems that this is the first demonstration of a 
cytosolic sialidase in immunocompetent cells. This 
could be due to the fact that this very weak 
cytosolic sialidase activity has previously gone un- 
detected, the activity being detectable only after 
concentration of the cytosolic fraction. However, a 
cytosolic sialidase with an optimum activity at a 
similar pH has been detected in extracts from pig 
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brains [20] and rat liver [21]. 

It was also observed that alveolar macrophages 
that had adhered on petri dishes had a depressed 
acid-active sialidase (— 30%), However, as no 
sialidase activity was detected in the cell-free 
medium, the origin of. this observation remains 
unclear. Since membrane sialic acids influence cell 
adherence [3], it could be hypothesized that ad- 
herence may be facilitated by a decreased sialidase 
activity. 

In alveolar macrophages harvested from BCG- 
stimulated rabbits, the acid-active sialidase activ- 
ity (in the lysosome-enriched fraction) was signifi- 
cantly increased (2.5-fold) whereas the cytosolic 
sialidase activity did not change. By contrast, 
lysosomal enzymes such as N-acetylglucosamini- 
dase and f-galactosidase were not stimulated. 
Therefore BCG seemed to induce a specific in- 
crease in the acid-active sialidase activity. This 
observation seems of interest to us in relation to 
_ the following results. In vivo BCG treatment in- 
duces plasma membrane glycoprotein alterations 
and cell fusion of these activated macrophages in 
culture [12]. Moreover, it has been demonstrated 
that protein-bound carbohydrates have higher 
molecular weights and more branched structures 
in BCG-activated peritoneal macrophages than in 
resting cells [22]. It is quite conceivable that siali- 
dase may be involved in these modifications by 
allowing partial or total desialylation, possibly 
followed by reglycosylation of plasma membrane 
glycoproteins. This hypothesis is strenghthened by 
recent reports demonstrating that mouse con- 
canavalin A-activated T lymphocytes expressed 
hyposialylated MHC class I glycoproteins [23] and 
had an increased level of endogenous sialidase 
activity [8]. Although several authors [8,24] have 
advocated that a direct correlation may exist be- 
tween the level of membrane glycoprotein sialyla- 
tion and the amount of intracellular sialidase ac- 
tivity, the responsiblity of the endogenous siali- 
dase in membrane glycoprotein hyposialylation is 
not yet definitively assessed. 

Sialidase-induced membrane desialylation may 
occur through two different pathways. Membrane 
glycoproteins may be desialylated by sialidase that 
could be released in the medium with other lyso- 
somal enzymes following cell activation by differ- 
ent stimuli, for instance by CSa [6]. Alternatively, 


membrane glycoproteins may be desialylated dur- 
ing a recycling process in the course of which 
lysosomes could fuse with vesicles endocytosed 
from the cell surface [25]. Although the sialidase 
activity of alveolar macrophage sialidases was as- 
sayed with only one substrate (sodium 4-methyl- 
umbelliferyl-a-p-neuraminate), the efficiency of 
the enzyme on membrane glycoproteins seems 
likely. Thus, it has been shown that this substrate 
was relevant to assess the activity of sialidase on 
glycoproteins [26—28]. 

Furthermore, sialidases, through desialylation 
of cell membrane, have a potential pathogenic 
effect. It has been demonstrated that cell mem- 
brane desialylation is efficiently induced by either 
soluble (Vibrio cholerae) or particle-bound (in- 
fluenza virus) sialidases. In these cases, desialyla- 
tion result in complement-mediated cell lysis 
through an antibody-independent [29] or -depen- 
dent [30] mechanism. Thus, an increased and sus- 
tained release of lysosomal sialidase by activated 
cells could have a similar effect. 

Further studies on the properties (substrate 
specificities, molecular weight) and on the func- 
tional role of alveolar macrophage sialidases, as 
well as on the pathological consequences following 
BCG activation, are now in progress. 
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A new class of protein methylase (S-adenosylmethionine:protein-histidine N-methyltransferase) which 
methylates histidine residues of protein substrates using S-adenosylmethionine as the methyl donor has been 
partially purified from rabbit skeletal muscle, 22-fold with a yield of 56%. The enzyme activity was 
monitored using denatured myofibrils from young rabbit skeletal muscle as the methyl acceptor protein 
substrate. The enzyme was localised in the myofibrillar fraction and myofibrils isolated in pure form 
represented the enzyme-substrate complex. The enzyme was solubilised in 0.275 M KCl. The methylase 
showed no requirement for any metal ion and has a pH optimum of 8.0. It was shown to require a reducing 
agent like mercaptoethanol for its activity. It was also shown that cardiac and skeletal muscle forms of actins 
obtained from different species serve as the efficient methyl acceptor protein substrates. Since the enzyme 
was found to methylate specifically the histidine residues of actin we propose to designate this new 
methylase as protein methylase IV, to distinguish it from the already known protein methylases I, II and III. 


Introduction 


The methylated amino acids such as methyl- 
lysines, methylarginines and carboxymethyl esters 
of aspartic/ glutamic acids occur widely in nature. 
They have been shown to arise from post-transla- 
tional enzymatic methylation of side chains of 
amino acids in proteins wherein S-adenosyl- 
methionine is the methyl donor [1,2]. So far three 
classes of protein methylases involved in the meth- 
ylation of guanidino groups of arginine, protein 


Abbreviations: AdoMet, : S-adenosylmethionmne; Me, methyl; 
3-MeHis, 3-N-methylhistidine; SDS, sodium dodecyl sulfate; 
Tris, 2-amino-2-hydroxymethylpropane-1 ,3-diol. 
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carboxyl groups of aspartic/glutamic acids and 
é-amino groups of lysine have been identified, 
characterised and have been designated as protein 
methylases I, II and III, respectively [2—6]. 
3-N-Methylhistidine (3-MeHis), yet another 
methylated amino acid, is unique to the contrac- 
tile proteins actin and myosin. Methylation of 
contractile proteins of muscle has been studied 
under a variety of conditions and the existence of 
an enzyme which methylates protein histidine re- 
sidues has been proposed [7—11]. However, the 
enzymes involved in muscle protein histidine 
methylation have been neither characterised 
(solubilised) nor purified. The present study de- 
scribes the isolation, identification and partial 
purification of S-adenosylmethionine:protein- 
histidine N-methyltransferase (protein-histidine 
methylase) from rabbit skeletal muscle. ' 
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Materials and Methods 


Animals 

Young (less than 18 days old) and adult (2-3 
months old) New Zealand albino rabbits were 
obtained from the Laboratory Animals Informa- 
tion Service Centre of the Institute. The animals 
were fed on a stock diet till killed. Bovine hearts 
were obtained fresh from a slaughter house in the 
city. 


Chemicals 

L-Methionine, L-histidine, 1-N-methylhistidine, 
3-N-methylhistidine, S-adenosylhomocysteine, 
ATP, glutathione, nicotinamide, N’-methylnico- 
tinamide, acrylamide, bisacrylamide, 2-mercapto- 
ethanol, N-ethylmaleimide, Trizma base, histone 
type ITA, Dowex 50-X2 (100-200), Dowex 50-X8 
(100-200), Sephadex G-200 and DEAE-Sephadex 
A-50 were purchased from Sigma Chemical Com- 
pany, St. Louis, U.S.A. 

L-[methyl-!4C]Methionine (specific activity 60.4 
pCi/pmol) was obtained from the Radiochemical 
Centre, Amersham, U.K. Other chemicals used 
were of high purity analar grade. 


Preparation of S-[methyl-!4C]adenosylmethionine 
([Me-!4C] AdoMet) 

[Me-'4*C]AdoMet was synthesised using 
ATP:L-methionine S-adenosyltransferase (EC 
2.5.1.6) isolated from rabbit liver [12]. The biologi- 
cal purity of [Me-!4C]AdoMet was determined by 
the rate of formation of N’-methylnicotinamide 
from AdoMet and nicotinamide catalysed by the 
enzyme S-adenosylmethionine:nicotinamide N- 
methyltransferase (EC 2.1.1.1) isolated from rat 
liver [13]. [Me-'4C]AdoMet was found to be bio- 
logically and radiochemically pure. 

Yj. 
In vitro methylation of rabbit hind limb skeletal 
muscle proteins 

Young and adult rabbits were killed by decapi- 
tation and hind. limb muscles were quickly re- 
moved and placed on crushed ice. The muscle 
tissues were freed of fat and connective tissue and 
then cut into small pieces. They were then homo- 
genised for 90 s in a polytron homogeniser (Type 
FT 10-35, Kinematica GmbH, CH _ 6010, 
KMiens/ Luzern) with 3 vol. of 0.25 M sucrose / 
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0.01 M Tris-HCl buffer (pH 7.6). All the above 
operations were carried out at 4-6°C in a cold 
room. The skeletal muscle homogenates were then 
spun at 105000 Xg for 1 h (Beckman L 8-70 
Ultra centrifuge) to separate into myofibrillar and 
sarcoplasmic fractions. 

The whole skeletal muscle homogenates (3 ml) 
and the myofibrillar fraction with and without 
sarcoplasmic fractions were incubated for 5 h at 
37°C with 8 pM [Me-“C]AdoMet in a total 
volume of 5 ml. The medium contained 0.2 M 
Tris-HCl (pH 7.6), 0.1 M KCl, 0.4 mM MgCl, 
and 0.8 mM mercaptoethanol. The fractions which 
were heated at 100°C for 10 min served as blanks. 
The reaction was terminated by the addition of an 
equal volume of 25% trichloroacetic acid (w/v). 


Methyl acceptor protein substrates 
Myofibrils were isolated in 0.1 M KCI/0.039 M 


_ borate medium (pH 7.1) essentially as described 


earlier [14] from young (less than 18 days old) 
rabbit skeletal muscle. They were heated at 75°C 
for 15 min and used as methyl acceptor protein 
substrate. The protein content of an aqueous sus- 
pension of the myofibrillar preparation was around 
20-25 mg/ml. 

The methyl acceptor contractile proteins myosin 
and actin were isolated from bovine heart and also 
from cardiac and skeletal muscle of rats and rab- 
bits. Actin was prepared from acetone powder 
essentially as described by Seraydarian et al. [15] 
and purified by two polymerisation cycles [16]. 
Myosin was purified by column chromatography 
on a DEAE-Sephadex A-50 column [17]. 


Protein determination 

Protein concentration was determined by the 
method of Lowry et al. [18] with bovine serum 
albumin as standard or by determination of ab- 
sorbance at 280 nm. 


Polyacrylamide gel electrophoresis 

The purity of the protein preparations was 
determined using SDS-polyacrylamide gel electro- 
phoresis according to the method of Weber and 


` Osborn [19]. A single band was seen both on 5% 


and 7.5% polyacrylamide gels (Fig. 1A). 
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Solubilisation and partial purification of the 
protein-histidine methylase from rabbit skeletal 
muscle 

All the operations were performed in a cold 
room at 4—6°C. To identify optimum conditions 
for isolating protein-histidine methylating enzyme 
the following preliminary experiment was carried 
out. Rabbit hind limb skeletal muscle was homo- 
genised in a Waring Blendor at top speed for 2 
min in different media. The media tested were: 
0.25 M sucrose/0.01 M Tris-HCl (pH 7.6); 0.1 M 
KC1/0.039 M borate (pH 7.1) and 0.275 M 
KC1/0.039 M borate (pH 7.1). The total homo- 
genate was subjected to differential centrifugation 
and the enzyme activity was determined in various 
fractions. Based on these initial trials the folowing 
scheme to isolate the partially purified protein- 
histidine methylase was developed. 

The muscle from hind limbs of rabbits was 
freed of fat and connective tissue and cut into 
small pieces. It was then homogenised in a Waring 
Blendor at maximum speed for 2 min in 3 vol. of 
0.25 M sucrose/0.01 M Tris-HCl (pH 7.4). The 
suspension was centrifuged for 10 min at 8000 x g. 
The supernatant was discarded and the pellet was 
extracted with 5 vol. of 0.275 M KC1/0.039 M 
borate medium (pH 7.1) for 1 h. The suspension 
was centrifuged for 10 min at 8000 x g. The super- 
natant was filtered through glass wool to remove 
fat particles. Then solid ammonium sulphate was 
added with constant stirring to give 40% satura- 
tion. The mixture was allowed to stand for 2 h in 
the cold and then centrifuged at 10000 rpm for 10 
min. To the supernatant fluid additional am- 
monium sulphate was added to 60% saturation as 
described above. After 2 h on ice, the precipitate 
was collected by centrifugation and dissolved in 
ice-cold 0.275 M KC1/0.039 M borate medium 
(pH 7.1). Finally this was dialysed twice for 4 h 
against 100 vol. of glass-distilled water till it was 
free of ammonium sulphate and KCI. 

Further purification of the methylase was at- 
tempted by chromatography on a Sephadex G-200 
column (45 X 1 cm). The column was equilibrated 
with 0.275 M KC1/0.039 M borate medium (pH 
7.1). The ammonium sulphate fraction which was 
dialysed against water was dissolved in 0.275 M 
. KCI /0.039 M borate medium before loading on 
_ the column. A volume of 5 ml, equivalent to 98 


mg protein, was applied on to the column. The 
column was eluted with 0.275 M KC1/0.039 M 
borate buffer at a flow rate of 20 ml/h and 5 ml 
fractions were collected. The fractions were 
dialysed against water before testing them for the 
enzyme activity. 

An alternative chromatographic system using 
DEAE-Sephadex A-50 with 0.15 M phos- 
phate/0.01 M EDTA buffer (pH 7.5) with a linear 
KCl gradient to 0.5 M KCI was employed to 
resolve the methylase from the myofibrillar pro- 
tein aggregates. The ammonium sulphate fraction 
following dialysis first against water and then later 
against 0.15 M phosphate/0.01 M EDTA (pH 7.5) 
was applied on to a DEAE-Sephadex A-50 col- 
umn (20x3 cm). A sample volume of 26 ml, 
equivalent to 148 mg protein, was loaded on the 
column. The column was eluted with equilibrating 
buffer at a flow rate of 30 ml/h and 15 ml 
fractions were collected. The gradient was started 
at 130 ml (250 ml equilibrating buffer plus 250 ml 
of the same made in 0.5 M KCI). 


Enzyme assay 

The general properties of the enzyme were 
studied using ammonium sulphate fraction 
(40-60% saturation) as the enzyme source. En- 
zyme preparation (2 mg protein) and methyl 
acceptor protein (heated myofibrils, 60 mg) were 
incubated for 1.5 h at 37°C in a 5 ml reaction 
medium containing 0.2 M Tris-HCl (pH 8.0), 4 
mM mercaptoethanol and 4 uM [ Me-!4*C]AdoMet. 
Though in the initial studies the assay medium 
contained KCI and MgCl, based on the studies of 
Krzysik et al. [8], these were excluded in the latter 
experiments since they were found to inhibit the 
enzyme activity. The reaction was started by the 
addition of [Me-'*C]AdoMet and terminated with 
an equal volume of trichloroacetic acid 25% (w/v). 
A control with all the ingredients except the pro- 
tein-histidine methylase was also also assayed. 


Identification and quantitation of the reaction prod- 
uct 3-N-methylhistidine 

The reaction products of three classes of pro- 
tein methylases — the methylated arginines (pro- 
tein methylase I), carboxymethyl esters of glutamic 
and aspartic acids (protein methylase ID, and 
«-N-methyllysines (protein methylase HI)-— have 


been selectively quantitated by employing the dif- 
ferences in pH optima for these three classes of 
protein methylases as well as the differences in the 
chemical properties of the methylated amino acids 
[2]. Both 3-MeHis and methyllysines being re- 
sistant to acid or alkali hydrolysis, their quantita- 
tion by selective destruction of either of them is 
not possible. Further, as shown in Table I, the 
'4C-Me radioactivity in the substrate (denatured 
myofibrils) both in the control and in the presence 
of enzyme preparation was localised not only in 
3-MeHis and methyllysine fractions but also in 
the acidic and neutral amino acid fractions, al- 
though the C radioactivity in the 3-MeHis frac- 
tion progressively increased during the purifica- 
tion of rabbit skeletal muscle protein-histidine 
methylase. However, the nonspecific *C radioac- 
tivity in other amino acid fractions remained the 
same or decreased during the purification of the 
enzyme, indicating the specificity of the enzyme 
towards histidine methylation. 

In all the assays of the protein-histidine methyl- 
ase reported in these studies, the product of the 


TABLE I 
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enzyme 3-[Me-'4*C]MeHis was routinely analysed 
following the selective isolation and quantitation 
of 3-[Me-'4C]MeHis from protein hydrolysates on 
Dowex 50-X8 columns. 

The enzymatically methylated proteins were 
freed from the acid-soluble [Me-4C]AdoMet, 
nucleic acid and phospholipids by successive 
washings with 10% hot and cold trichloroacetic 
acid, alcohol and diethyl ether as described by 
Krzysik et al. [8]. *C-Me-labelled proteins were 
hydrolysed in 6 M HCI under vacuum at 105°C 
for 18 h. 3-[ Me-"* C]MeHis was quantitatively iso- 
lated from protein hydrolysates employing ion 
exchange chromatography on Dowex 50-X8 col- 
umns as described by Haverberg et al. [20]. Briefly, 
the protein hydrolysates in 0.2 M pyridine (1-10 
mg protein/ml of packed column volume) were 
placed on the column and the neutral and acidic 
amino acids were eluted with 12 column vol. of 0.2 
M pyridine. This was followed by elution with 5 
column vol. of 1 M pyridine when 3-MeHis with 
some histidine combination was eluted out. The 
3-MeHis fraction was dried by rotary evaporation 


DISTRIBUTION OF *C RADIOACTIVITY OF METHYLATED DENATURED MYOFIBRILS IN VARIOUS AMINO ACID 
FRACTIONS DURING THE PURIFICATION OF RABBIT SKELETAL MUSCLE PROTEIN-HISTIDINE METHYLASE 


The enzyme activity was assayed with denatured myofibrils (60 mg) from young rabbit skeletal muscle as methyl acceptor protein 
substrate. The reaction medium contained enzyme preparation (2 mg protein), 0.2 M Tris-HCI] (pH 7 6), 01 M KCI, 04 mM MgCl,, 
0.8 mM mercaptoethanol and 8 uM [Me-!*C]AdoMet ın a total volume of 5 ml. A control with all the ingredients except the enzyme 
preparation was also tested. The methylated proteins were freed from acid-soluble [ Me-'*C]AdoMet, nucleic acids and phospholipids 
by successive washings with 10% hot and cold trichloroacetic acid, ethyl alcohol and diethyl ether The '4C-Me-labelled proteins were 
hydrolysed and the protein hydrolysates in 0.2 M pyndine were loaded on a Dowex 50-X8 column (10 mg protein/ml of packed 
column volume). The acidic and neutral amino acids were eluted with 12 column vol of 0.2 M pyridine, 3-MeHis with 5 column vol 

of 1.0 M pyridine and basic amino acids with 3 column vol. of 3 M NH,OH. The fractions were dried by rotary evaporation and 
dissolved in 1 ml water The '4C radioactivity was determined in a liquid scintillation spectrometer using Brays mixture The !4C 
radioactivity in the control tube was 9200 dpm in acidic and neutral amino acid; 504 dpm ın 3-MeHis and 2320 dpm in basic amino 
acid fractions. This was taken as unity while expressing the activities in the presence of enzyme preparation. 


Enzyme source Amino acid fractions 


d acidic and neutral 3-MeHis basic amino acids 
ammo acids (1.0 M pynidine) (3 MNH,OH) 
(0.2 M pyridine) 
Nil (control) 1.0 1.0 1.0 
Crude supernatant 2.8 127 5.0 
40-60% ammonium 
sulphate fraction 18 60 0 1.8 
DEAE-Sephadex A-50 
chromatography 
fraction 1.3 526,0 15 
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and dissolved in 1 ml water. To this aqueous 
solution 20 ml Brays mixture was added and the 
™C radioactivity was determined in a liquid scin- 
tillation spectrometer (Packard 3255). 

The identity and the recovery of 3-MeHis was 
checked in an automatic amino acid analyser 
(Beckman Model 119 CL). The chromatography 
was carried out on a column of W3P resin with a 
buffer flow rate of 44 ml/h. The starting buffer 
was 0.2 M lithium citrate (pH 2.83) followed by 
0.2 M lithium citrate (pH 3.7) and 1 M lithium 
citrate (pH 3.75). 


Enzyme activity 
Enzyme activity was expressed as 4C-Me in- 
corporation in pmol/h per mg enzyme protein. 


Results 


All the data presented in this study are rep- 
resentative of three experiments. 


Localisation of the enzyme and selection of myofibrils 
as methyl acceptor protein substrate 

Incorporation of *C-Me groups into histidine 
residues of crude myofibrillar protein preparation 
of young animals was higher than that m adult 
animals (Table II). Further 4C-Me incorporation 
into histidine residues of myofibrillar proteins es- 
sentially remained the same both in the presence 
and absence of sarcoplasmic fraction, indicating 
that the muscle protein-histidine methylase is as- 
sociated with a myofibrillar fraction (Table II). 


TABLE II 


Myofibrils isolated in pure form, per se, incor- 
porated “C-Me groups into their histidine re- 
sidues. The rates of *C-Me incorporation which 
exhibited saturation kinetics ranged from 2.2 to 
23.2 pmol/h per 70 mg myofibrillar protein over 
the [Me-'*C]AdoMet concentration range of 1-8 
uM. Myofibrils heated at 75°C for 15 min to 
destroy the endogenous methylase exhibited 
negligible rates of '*C-Me incorporation (less than 
1 pmol/h per 70 mg myofibrillar protein at 8 uM 
AdoMet concentration) into their histidine re- 
sidues. As will be shown later, the heated 
myofibrils can serve as an efficient methyl accep- 
tor protein substrate. 


Isolation of the enzyme 

Since the enzyme, protein-histidine methylase, 
was found to be associated with myofibrils, the 
myofibrils were also processed to solubilise the 
enzyme. The data presented in Table ITI reveal the 
following facts: (a) the enzyme is not sucrose 
extractable; (b) 0.1 M KCl extracted around 38% 
of the enzyme activity; while (c) 0.275 M KCl 
extracted around 82% of the enzyme activity from 
the rabbit skeletal muscle homogenates. The data 
also confirm that the protein-histidine methylase 
is solubilised in 0.275 M KCI, the criterion for 
solubility being the presence of the enzyme in 
105 000 X g supernatant fraction. 

Ammonium sulphate fractionation precipitated 
out most of the enzyme between 40 and 60% 
saturation with an enrichment of 22-fold (Table 
IV). The protein pattern of partially purified en- 


14 C-ME INCORPORATION INTO HISTIDINE RESIDUES OF SKELETAL MUSCLE PROTEINS OF YOUNG AND ADULT 


RABBITS 


Values for 3 ml total homogenates (80 mg protein). 105000 x g pellet made to orginal 3 ml volume with buffer. The reaction medium 
contained 02 M Tris-HCl (pH 7.6), 0.1 M KCl, 0.4 mM MgCl,, 0.8 mM mercaptoethanol and 8 uM [ Me-!*C]AdoMet ın a total 


volume of 5 ml 


14C-Me incorporation (pmol /h per reaction vessel) 


total 

homogenate 
Young rabbits 21.2 
(<18 days old) 350 
Adult rabbıts 5.8 
(2-3 months old) 7.0 


105000 x g 105000 x g pellet plus 
pellet 105 000 x g supernatant 
198 22.0 
32 6 34.0 

52 56 

6.8 7.4 


TABLE III 


SOLUBILISATION OF RABBIT SKELETAL MUSCLE 
PROTEIN-HISTIDINE METHYLASE 


Activity in total volume of homogenate in each buffer 1s taken 
as 100%, which ıs equivalent to }4C-Me incorporation of 3200 
pmol/h. Enzyme. activity was assayed as described in Table I 
with denatured myofibnis (60 mg) from young rabbit skeletal 
muscle as methyl acceptor protein substrate. All the prepara- 
tions were dialysed against water before testing them for 
enzyme activity. 


Homogenization Percent activity 
buffer total activity ın 
homogenate 105000 x g 
supernatant 
0.25 M sucrose/0.01 M 
Tris-HCI (pH 7.4) 100.0 11 
0.100 M KC1/0.039 M 
borate (pH 7 1) 190.0 38.0 
0.275 M KC1/0.039 M 
borate (pH 7.1) 100.0 82.0 


zyme on polyacrylamide gel electrophoresis in the 
presence and absence of SDS showed it to be a 
constituent of high molecular weight myofibrillar 
protein aggregate (Fig. 1B and C). A 40-fold puri- 
fication was achieved by Sephadex G-200 chro- 
matography and the enzyme was still found to be 
associated with myofibrillar protein aggregate. 
Though it was not retained on the DEAE-Seph- 


TABLE IV 
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adex A-50 column, the partially purified enzyme 
was freed of the bulk of the myofibrillar proteins 
(Fig. 1B and C). 


General properties of the enzyme 

An optimum pH of 8 was observed in Tris-HCI 
buffer for protein-histidine methylase (Fig. 2A) 
activity with heated myofibrils as methyl acceptor 
protein substrate. The half-maximum activity was 
at pH 6.8 and 9.0. The kind of buffer (either 
PO2~ or Tris-HCl) did not seem to have any 
effect. The relationship between enzyme activity 
and incubation time is shown in Fig. 2B. Propor- 
tionality exists only during the first 1.5 h. Hence, 
1.5 h was chosen as the incubation time in the 
routine assay of the enzyme activity. The effect of 
addition of heated myofibrils and S-adenosyl- 
methionine on the methylase activity is shown in 
Figs. 3A and 4A. Both the substrates, the 
myofibrils and S-adenosylmethionine, exhibited 
saturation kinetics. Linearity of enzyme activity 
with respect to varying protein concentration, was 
observed up to a 2 mg protein level (Fig. 3B). 
S-Adenosylhomocysteine, a demethylated product 
of AdoMet and a well-known inhibitor of 
AdoMet-dependent methyltransferases, inhibited 
the rabbit skeletal muscle protein-histidine meth- 
ylase (Fig. 4B). 


PURIFICATION OF RABBIT SKELETAL MUSCLE PROTEIN-HISTIDINE METHYLASE 


Enzyme activities were measured with denatured myofibrils from young rabbit skeletal muscle as methyl acceptor protein substrate 


Assay conditions are as described in Table I. 


Volume Protem 14C-Me incorporation Purification Percent 
(mil) (mg) total activity specific actrvity (fold) yield 
(pmol/h) (pmol/h per mg) 
. 0.275 M KCI ; 
extract | 304 5746.0 3995 0.70 1.00 100 0 
8000 x g super- 
natant 250 1000.0 3641 3.64 5.20 910 
Ammonium sulphate 
range (percent) 

0- 20 25 42.5 32 0.75 1.07 0.8 
21~ 40 25 225.0 1236 5 50 785 30.9 
41- 60 25 145.0 2229 15.40 22 00 55.8 
61— 80 25 120.0 144 1.20 1.71 3.6 
81-100 350 100.0 4 0.04 0.06 01 
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Fig. 1 (A) SDS-polyacrylamide gel electrophoretic pattern >f muscle proteins (5% polyacrylamide 0.25% crosslınker) starned with 
Coomassie brillant blue. 50-100 pg protein Heavy chains (HC), light chains (LC) Rabbit skeletal muscle myosin (lane 1) and actin 
(lane 3); rabbit cardiac muscle myosin (lane 2) and actin (lar 4); rat skeletal muscle actin (lane 5), bovine cardiac actin (lane 6). (B) 
Polyacrylamide gel electrophoretic pattern of rabbit skele=<al muscle protein-histidine methylase during its purification. Rabbit 
skeletal muscle was homogenised in 3 vol. 0.25 M sucrose/0 C1 M Tris-HCl (pH 7.4) and the 8000 x g pellet was extracted with 5 vol 
of 0.275 M KC1/0.039 M borate medium (pH 7 1). The 800€ Xx g supernatant of 0.275 M KCl extract was collected and the enzyme 
activity precipitated between 40-60% (NH,4),.SO, saturation The (NH,),S0, fraction 26 ml (148 mg protein) following dialysis 
against 0.15 M PO?—/0.01 M EDTA (pH 7 5) was apphed oa to a DEAE-Sephadex A-50 column (20 X3 cm) and eluted with PO? 
buffer at a flow rate of 30 ml/h and 15 ml fractions of a toml volume of 680 ml were collected. The gradient was started at 130 ml 
(250 ml PO;~ buffer plus 250 ml of the same made ın 0.5 M KCl). The bulk of methylase activity was eluted at 190-250 ml before 
the start of KCI gradient elution at 300 ml. 80 ug protem 19 each lane. Lane 1, (NH,)2SO, fraction; lanes 2-6, DEAE-Sephadex 
A-50 fractions. Lanes 2, 3 (70-130 mil), lanes 4, 5 (190-250 ml), showing peak methylase activity), lane 6 (250-280 ml) (O) 
SDS-polyacrylamide gel electrophoretic pattern of enzyme during purification (80 pg protein in each lane) Lane 1, (NH,4)2SO, 
fraction; lanes 2~4, DEAE-Sephadex A-50 fractions. Lane 2 {70-130 ml), lanes 3, 4 (190-250 ml, showing peak methylase activity), 
lane 5 molecular weight markers (Sigma Chemicals). 8-galactosidase (116 kDa), phosphorylase (97.4 kDa), bovine plasma albumin 
(66 kDa) egg ovalbumin (45 kDa), carbonic anhydrase (29 kDa) 


Substrate specificity of the enzyme 

Tables V and VI list the effects of variovs 
added proteins on the protein-histidine methylase 
activity. It is seen that the enzyme ts specific only 
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Fig. 2. (A) Effect of pH on the activity of protem-histidire 
methylase. The buffers used were glycine-HCl (pH 2 and 10, 
citrate-PO{~ (pH 3-6), POJ- (pH 6-8) and Tris-HCI (pai 
7-9). (B) Relationship between period of incubation and pro- 
tein-histidine methylase activity. Assay conditions are as Œ- 
scribed in Table V. 


for myofibrils. Myofibrils heated at 75°C for 15 
min to selectively destroy the endogenous methyl- 
ase served as efficient methyl acceptor protein. 
Further, the partially purified methylase effec- 
tively catalysed the methylation of histidine re- 
sidues of actins isolated from various sources. The 
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Fig. 3 (A) Effect of increasing concentrations of denatured 
myofibrillar protein on enzyme activity. (B) Relationship be- 
tween enzyme protein concentration and the rate of histidine 
methylation Assay conditions as described in Table V. 
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Fig. 4. (A) Effect of increasıng concentrations of [{ Me- 
14 CjAdoMet on protein-histidine methylase activity. (B) Effect 
of S-adenosylhomocysteme on protein-histidine methylase ac- 
tivity. Assay conditions as described ın Table V. 


rates of myosin methylation were found to be 
negligible. 


Effect of metal tons and reducing agent 

The enzyme showed no absolute requirement 
for any metal ion. 2-Mercaptoethanol, which 
stimulated the enzyme activity 4-fold, indicated 
the requirement for a reducing agent. This was 
further supported by N-ethylmaleimide inhibition 
of methylase (Table VII). The methylase was in- 
hibited by numerous salts (Table VID). Divalent 


TABLE V 


RELATIVE SUBSTRATE SPECIFICITY OF PROTEIN- 
HISTIDINE METHYLASE ISOLATED FROM RABBIT 
SKELETAL MUSCLE 


100% activity corresponds to 'C-Me incorporation of 6.2 
pmol/h per mg enzyme protein using denatured myofibrils as 
substrate. Enzyme preparation (40-60% (NH,).S0O, fraction, 
2 mg protein) methyl acceptor protein (heated myofibrils, 60 
mg) were incubated for 1.5 h at 37°C m a 5 ml reaction 
medium containing 02 M Tris-HCl (pH 8.0), 4 mM 
mercaptoethanol and 4 4M [Me-!*C]AdoMet. The other sub- 
strates were also tested for methyl acceptor capacity at 60 mg 
protein level. 


Substrate Percent activity 

protem natıve denatured 
Myofibrils 71.0 1000 
Bovine serum albumin 0.1 05 
Fibnnogen 0.9 09 
Casein 1.2 LS 
Histone type ITA 0.1 0.4 
Gluten 23.7 SZ 
Gelatin 20 6.0 
Human ‘y-globulin 08 1.4 
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TABLE VI 
SPECIFICITY OF PARTIALLY PURIFIED RABBIT 


SKELETAL MUSCLE PROTEIN-HISTIDINE METHYL- 


ASE TOWARDS SKELETAL AND CARDIAC MUSCLE 
FORMS OF ACTIN AND MYOSIN 


Assay conditions are as described in Table V. 
14 C-Me incorporation 


(pmol /h per mg 
enzyme protein) 


Protein (mg) 


1. Young rabbit 
skeletal muscle 


a) myofibrils 100 2.40 
20.0 5.00 
b) actin 75 6 00 
150 9.00 
300 24.00 
c) myosin 23.5 0.13 
47.0 0.26 
2. Rabbit heart 
a) actin 4.9 6.00 
6.00 10.00 
b) myosin 18.0 0.12 
36.0 021 
3. Bovine heart 
a) actin 6.0 2.20 
120 5 00 
18.0 8.00 
b) myosin 25.0 0.18 
50.0 0.25 
4. Rat skeletal 
muscle 
a) actin 5.3 20.00 
10.6 36.00 
15.9 68.00 


ions were found to be more inhibitory than mono- 
valent ions. Triton X-100 at 1% stimulated the 
enzyme activity by 150%. 


Stability of the enzyme 

The enzyme was found to be highly thermola- 
bile. While a brief exposure of the enzyme for 10 
min at 50°C completely destroyed the enzyme 
activity, at 40°C 75% of the activity was found to 
be destroyed. Also the enzyme activity decreased 
by 75% when maintained for 4 days at 2°C. 
Neither mercaptoethanol nor glycerol stabilised 
the enzyme activity over this period. Once puri- 
fied, the enzyme was found to be stable at —20°C.- 
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TABLE VII 


INFLUENCE OF VARIOUS SALTS AND REDUCING 
AGENT 2-MERCAPTOETHANOL ON RABBIT 
SKELETAL MUSCLE PROTEIN-HISTIDINE METHYL- 
ASE ACTIVITY 


100% activity corresponds to C-Me incorporation rate of 
11.2 pmol/h per mg enzyme protein. Assay conditions are as 
descnbed in Table V 


Reagent Concentration Relative 
(mM) actıvıty 
2-Mercapto- ` 0.0 25.0 
ethanol 2.0 100.0 
N-Ethylmaleimide 20 720 
40 300 
KCI 100.0 36.0 
200.0 18.0 
NaCl 100.0 140 
200 0 50 
MgCl, - 40 66 0 
80 40.0 
CaCl, 02 90.0 
0.4 70.0 
ATP.-” 0.2 75.0 
04 53 0 
Borate 40 0 890 
80.0 80.0 
EDTA 5.0 710 
100 64.0 
Triton X-100 1% 155.0 
Discussion 


This is the first study to identify, isolate and 
partially purify the S-adenosylmethionine:protein- 
histidine N-methyltransferase from rabbit skeletal 
muscle. Unlike cardiac muscle, the skeletal muscle 
is known to contain both the actin-specific and 
myosin-specific histidine methylases [21,22]. 
Myofibrils isolated from young rabbit skeletal 
muscle served as an efficient methyl acceptor pro- 
tein substrate for the enzyme. This may be be- 
cause myofibrils from young animals offer more 
methyl acceptor histidine sites due to higher 
steady-state protein synthesis rates in them as 
compared to the adult ones. This is in line with 
the earlier observations of Bates et al. who re- 
ported higher steady-state synthesis rates of 3- 
MeHis in young rats as compared to adult rats as 
well as a developmental fall in myofjbrillar pro- 
tein synthesis rates with age [23,24]. Further, it 


was thought that the use of myofibrils as a methyl 
acceptor protein will provide both actin and 
myosin substrates. 

The protein-histidine methylase activity was 
localised in the myofibrillar fraction. The isolated 
myofibrils represented the enzyme-substrate com- 
plex. Thus, while using myofibrils as methyl 
acceptor protein substrate the high rates of *C-Me 
incorporation by myofibrils per se due to the 
endogenous methylase hampered the sensitivity of 
the assay while determining the methylation rates 
due to the exogenously added enzyme. Myofibrils 
heated at 75°C for 15 min so as to destroy the 
contaminant methylase served as an efficient 
methyl acceptor protein. 

During the isolation of myofibrils by the 
method described by Perry and Grey [14], 0.025 M 
KCI is used in the initial homogenisation of the 
skeletal muscle to reduce the contraction striation 
reversals. This is followed by a second homogeni- 
sation of minced muscle in 0.1 M KCI medium. It 
was during this later step that we observed: a 
significant amount of histidine methylase activity 
being solubilised in 0.1 M KCI. The optimal 
solubilisation was achieved at 0.275 M KCl con- 
centration. It was also during this step that the 
inhibitory effects of KCl on the activity of the 
enzyme were observed, which falsely gave the 
impression that the enzyme is inactivated during 
purification. 

The ammonium sulphate (40-60% saturation) 
precipitation step achieved a 22-fold purification 
of the enzyme with a yield of 55.8%. The partially 
purified enzyme was found to be associated with 
myofibrillar proteins. Highly purified preparations 
of either actin or myosin exhibited no protein- 
histidine methylase activity. Though the enzyme 
was not retained on a DEAE-Sephadex A-50 col- 
umn, this step achieved a 95-fold purification with 
a yield of 15.6%. Further, the partially purified 
enzyme had a tendency to be inactivated. The 
reason for this is not clear. So far none of the 
mammalian protein methylases except protein 
methylase II have been purified to homogenity [5]. 

Like other protein methylases, the protein- 
histidine methylase showed no absolute require- 
ment for any metal ion. However, it showed a 
requirement for reducing agent. Many of the salts 
used in the extraction and isolation of contractile 
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proteins inhibited the enzyme activity to varying 
extents. The data indicate that the ion or ion 
substrate interaction sites on the enzyme are both 
anionic and cationic [25]. The enzyme was found 
to be highly thermosensitive. 

The enzyme exhibited a high degree of sub- 
strate specificity towards young rabbit skeletal 
muscle myofibrils and muscle forms of actins iso- 
lated from different species. This indicates that 
the enzyme is in fact an actin-specific histidine 
methylase. Since the enzyme was shown to specifi- 
cally methylate the histidine residues of actins, we 
propose to designate the newly identified methyl- 
ase as protein methylase IV, to distinguish it from 
the already known protein methylases, I, II and 
IMI. It will be interesting to test whether the same 
enzyme can methylate the non-muscle forms of 
actins also. 

Although the tissue-specific occurrence and de- 
velopmental regulation of 3-MeHis has long been 

"known [21,22,26,27], the biological significance of 
protein histidine methylation has remained elusive 
so far. Recently it has also been shown that chem- 
ically methylated proteins differ in some of their 
properties from enzymatically methylated proteins 
[28] Studies on further purification of actin- 
specific histidine methylase and identification of 
myosin-specific methylase will enable one to use 
these enzymes as biological tools to investigate the 
significance af protein histidine methylation. 
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